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Preface to the Second Edition 


In revising Water Flow in Soils, the original framework of the 
first edition was kept but several improvements and additions 
have been made. In Chapter 2, the inverse analyses of infil- 
tration and water flow in deep soils were revised and added. 
In Chapter 4, the up-to-date subjects relating to fingering 
flows were added. In Chapter 5, the ponding time on slopes 
was newly added. In Chapter 6, water flow under temperature 
gradients in fields and in open soil columns was added. In 
Chapter 7, recent experimental and theoretical progress in 
the effects of microbiological factors on water flow in soils 
were added. In Chapter 8, new topics such as the detection 
of subsurface water flow by using Rn in paddy fields and 
zero flux plane analysis in upland fields were added. In Chap- 
ter 9, the nonsimilar media concept and its extension into 
unsaturated soils were newly written in detail. Examples and 
appendixes were added in some chapters to help readers fur- 
ther understand the topics. 

I wish to extend my thanks to Russell Dekker, who in- 
vited me to publish the first edition and to revise it for the 
second edition. I also wish to express my gratitude to Katsumi 
Fujii of the Iwate University for his favorable review, and to 
Jan W. Hopmans of the University of California, Davis, for his 
critical review, both addressed to the first edition. These book 
reviews and even the criticisms encouraged and helped me to 
revise it. Further, I wish to thank the various publishers and 
individuals who gave permission for the use of figures and 
tables of data. Thanks are also due to Hiromi Imoto of The 
University of Tokyo for his continuous support, and to 
Moraima Suarez of Marcel Dekker and Patricia Roberson of 
Taylor & Francis Group for their support in editing the second 
edition. 
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I. UNIT SYSTEM 


In this book, SI units are used primarily in the definition of 
physical variables. Prefixes are frequently used with basic SI 
units. Traditional units are also used, especially when data 
and figures are quoted from references written using trad- 
itional units. 
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The basic SI units are 


Length (m) meter 
Time (s) second 
Mass (kg) kilogram 
Amount of substance (mol) mole 
Temperature (K) Kelvin 


The units constructed from basic SI units are 


Velocity (ms?) 

Force (N) newton (mkgs ”) 
Pressure (Pa) pascal (m- ‘kgs 7) 
Energy (J) joule (m?kgs 7) 


The appropriate prefixes for use with basic SI units are 


Length (mm) millimeter 
(cm) centimeter 
(km) kilometer 
Mass (g) gram 
(Mg) megagram 


Traditional units used are 


Time (min) minute 
(h) hour 
Temperature (°C) degree Celsius 


The use of SI and traditional units together is not highly 
desirable but is appropriate given the circumstances noted 
above. 


Il. STRUCTURE OF SOILS 
A. Solid Phase and Soil Pores 


Soil is composed of inorganic solid particles of various sizes 
and irregular shapes. The origins of these particles are weath- 
ered rocks, erupted materials, and sediment in ocean, 
lakes, marshes, and rivers. According to the definition by the 
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International Society of Soil Science (ISSS), soils are classified 
by particle size into five classes: 


Gravel larger than 2.0mm 

Coarse sand between 2.0 and 0.2mm 
Fine sand between 0.2 and 0.02 mm 
Silt between 0.02 and 0.002 mm 
Clay smaller than 0.002 mm 


Typical particle-size distribution curves are given in Figure 
1.1 for clay soil, volcanic ash soil, sandy loam, and sand. 
Solid particles are composed of primary minerals such as 
quartz, feldspar, pyroxene, amphibole, and many kinds of 
mica and secondary minerals such as clay minerals. Clay 
minerals are predominant in particles smaller than 
0.002 mm. Soil texture is defined by the composition of clay, 
silt, and (fine and coarse) sand. The triangular coordinate as 
shown in Figure 1.2 is used to classify soils into sand (S), silt 
loam (SiL), sandy clay (SC), and so on, according to their 
composition. Soil has various structures, depending on the 


ye) 
[o) 


Soil mass with particles smaller 


than d (%) 


0.002 0.02 0.2 2.0 


Diameter of particles, d (mm) 
Figure 1.1 Particle-size distribution curves of soils. (From 
Nakano, M., Transport Phenomena in Soils, University of Tokyo 
Press, Tokyo (1991). With permission.) 
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Sand (%) 


Figure 1.2 Soil texture: S, sand; LS, loamy sand; SL, sandy loam; 
L, loam; SiL, silt loam; SCL, sandy clay loam; CL, clay loam; SiCL, 
silty clay loam; SC, sandy clay; LiC, light clay; SiC, silty clay; HC, 
heavy clay. 


spatial arrangement of the particles. When small particles 
penetrate the pores formed between large particles, the soil 
may have a dense structure, whereas when small particles are 
combined and form aggregates, the soil may have a loose 
structure. Usually, sticky materials such as clay minerals, 
iron hydroxide, aluminum hydroxide, and many kinds of 
organic matter (e.g., humus) are absorbed on the surface of 
large soil particles, and these particles tend to coagulate, 
resulting in an aggregate. Due to such soil structures, there 
are small pores within an aggregate and large pores between 
aggregates, as illustrated in Figure 1.3. In some cases, soils 
have larger lumped units in which aggregates and even 
macropores are included. The relationship between soil 
lump size and surrounding soil type in a field is discussed in 
Chapter 9. 
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ei Aggregate 


Figure 1.3 Structure of soil aggregate. (After Nakano, M., Trans- 
port Phenomena in Soils, University of Tokyo Press, Tokyo (1991). 
With permission.) 


The quantities relating to solid phase are defined by the 
particle density ps (Mgm_®), 


Ws 
Ps = vV. (1.1) 
by the dry bulk density pa (Mg m™®), 
Ws 
Pa = y (1.2) 
and by the volumetric solid content o (m? m™°?), 
o= (1.3) 


where V is the total volume of soil, W, is the mass of soil of 
volume V, and V, is the solid volume in volume V, as shown in 
Figure 1.4. Particle densities, p,, of many soils are almost 
always 2.65 to 2.70Mgm ®. The dry bulk density of sand is 
generally 1.50 to 1.60 Mgm ®, and the bulk densities of many 
other soils are slightly less than this value. The bulk density 
of Kanto loam, a volcanic ash soil, is about 0.55 Mgm °, which 
is a particularly small value. 

The quantities relating to soil pores are defined by the 
porosity n (m?m~°), 


ERG (1.4) 
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Volume Mass 


Vs Solid W, 


hd T Y Y 


Figure 1.4 Solid, gas, and liquid phases of soil. 


and by the void ratio e (m? m™°), 
o- V (1.5) 


where V, is the pore volume in volume V. The porosity of soils 
is generally 0.4 to 0.6m?m °, while that of Kanto loam is 
about 0.8m*m~*. The geometry of soil pores is very compli- 
cated. This complexity has a significant role on the percolation 
of materials through the soil. 

Specific surface A, (m? g7»), defined by 


a 
Age 
Ww (1.6) 


is another measure of soil, where a, is the total surface area in 
volume V. The specific surface of sand is about 0.04 m? g~t, 
about 100mg"? for clayey soil, about 300 m? g~t for Kanto 
loam, about 500 m? g™t for bentonite, and up to 810 m? g™+ for 
pure montmorillonite. 

The typical specific surface versus equivalent radius of 
particles is shown in Figure 1.5 where the index radiuses 
of particles are given. Note that 1g of clay has a specific 
surface almost equal to a tennis court or to the infield of a 
baseball ground. 
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Figure 1.5 Specific surface versus equivalent radius of sphere 
particles. 


Example Derive the specific surface of spherical particles 
whose radius is 1 ym and particle density is 2.65 Mg m™®°. 


The mass of one particle M is equal to 4/37r?pA,, and its 
surface area s is equal to 47r?. Therefore, the total surface 
area of 1g of this particle A, is given by 


As =s x (1/M) =1.13/r, m? Mg"! 


Substituting r= 1 um = 1x 10m in this equation, and 
changing the unit from Mg to g, the specific surface 
Ag = 1.13 m? g7! is obtained. 


B. Liquid Phase and Gas Phase in Soil Pores 


When soil pores are filled with liquid-phase material, the soil 
is termed saturated; when gas-phase material is contained in 
the pore spaces, the soil is termed unsaturated. In natural 
fields, however, it is not likely that soil pores will be filled 
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completely with liquid-phase material, so the terms saturated 
and unsaturated are accepted in common usage. 

The quantities relating to water in soils are defined by 
the volumetric water content 0 (m? m~’), 


y 
ERA 1. 
0 V (1.7) 
by the water content w (kg kg +), 
Ww 
= 1.8 
way (1.8) 
and by the degree of saturation Sa (m?m~°), 
Vw 
= 1. 
Sa V, (1.9) 


where V,, is the volume of water in volume V and Ww is the 
mass of water in volume V. 

The quantity relating to the gas phase is generally de- 
fined by air-filled porosity a (m?m7?), 

a=t=1-6-6 (1.10) 
where V, is the volume of air in volume V. 

The property of water in soils differs a little from that of 
ordinary water. Even when we add pure water to a dry soil, 
absorbed materials on particle surfaces may be dissolved in 
the penetrating water, and hence the water is no longer pure 
but will behave as a solution. A solution that dissolves cations 
and anions is affected by the negative charge on the surface of 
clay minerals, resulting in diffuse electrical double layers 
around the clay minerals due to the attraction of cations and 
the repulsion of anions. The interaction between water and 
soil has been discussed in detail by Iwata et al. (1). To define 
the liquid-phase state more precisely, the potential concept of 
water in soils will be followed next. 
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Il. RETENTIVITY OF WATER IN SOILS 
A. Matric Potential 


Water in the vadose zone, the zone between the groundwater 
level and the land surface, is retained in the soil pores by 
interaction between the soil particles and water. This inter- 
action reduces the potential energy of water in soils, mainly 
due to capillarity or adhesion of water molecules to solid 
surfaces. The decrease in the potential energy of water caused 
by this interaction is termed the matric potential m (Jkg~}), 
whose values are usually negative in the vadose zone. The 
matric head um (m) is defined by 


_ Om 
g 


Ym (1.11) 


where g is the gravitational constant (9.8ms 7). The matric 
potential is converted into the pressure unit by pwm (Pa), 
where pw is the density of water (kgm ~°). The term suction, 
h (m), given by 


h=—Um (1.12) 


is widely used to designate the absolute value of the matric 
head yy. It should be noted that matric potential, matric 
head, matric pressure, and suction can be converted from 
one to another, as required. 

Two simple methods of measuring the matric potential 
of water in a soil are shown schematically in Figure 1.6: the 
soil column method in (a) and the tensiometer method in (b). 
A soil column is placed upright in a water bath as shown in 
(a) and the water in the soil column is in equilibrium with the 
water in the bath. A cover is used to prevent the evaporation 
of water from the top of the column. The vadose zone is above 
the water level of the bath and the groundwater zone is below 
it. The matric head of water in the vadose zone at a height z 
from the water level is given by —z. This method is used only 
when water in the soil column is entirely in equilibrium with 
water in the bath. 
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Figure 1.6 Measurement of the matric potential of water in soil by 
(a) the soil column method, (b) the tensiometer method, and (c) the 
configuration of water at the soil matrix—porous cup interface. 


Another well-known method is the tensiometer method, 
shown in Figure 1.6(b), where a porous cup filled with water, 
equilibrated with free water placed below, is inserted into a 
soil. The state of water at the interface of the soil matrix and 
the porous cup is illustrated in Figure 1.6(c), where unsatur- 
ated water in the soil is in equilibrium with saturated water in 
the wall of the cup. Generally, an air—water interface is curved 
and has two main radii of curvature rı and rə. Due to this 
curvature, the liquid phase has smaller pressure than the 
ambient air pressure and the difference Ap is given by 
Laplace’s equation, 


Ap = a( 2-5) (1.13) 


ri r2 
where ow is the surface tension of water. 

The matric potential of water in the soil matrix is thus 
given by measuring the suction h, the vertical distance be- 
tween the porous cup and the free water placed below. When 
the water content in the soil decreases, the radius of curvature 
of the water held in the wall of the cup decreases, and hence 
the water pressure in the cup decreases, resulting in an in- 
creased suction. This method is used at any position in the 
soil, even in soils under transient states, provided that enough 
time is allowed for water to be locally equilibrated at the soil 
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matrix—porous cup interface. The sizes of the pores in the wall 
of the cup limit the feasibility of this method. 

It is occasionally emphasized that the air phase in Figure 
1.6 must be free and its pressure must be maintained equal to 
that of atmosphere. When the air pressure differs from atmos- 
pheric pressure, we have to define the value of h in Figure 
1.6(b) as the tensiometer pressure potential. 


B. Soil Moisture Characteristic Curve 


The relation between matric potential and volumetric water 
content in a soil is termed the soil moisture characteristic 
curve because the curve is characteristic of each soil. The 
curves in Figure 1.7 are the typical soil moisture characteris- 
tic curves where matric head y,, is used (2). The differences 
among soil moisture characteristic curves are attributed pri- 
marily to the differences in pore size distribution among soils. 
These curves are sensitive to the changes in bulk densities 
and disturbances of soil structures. In addition, the curves 
generally show hysteresis according to the wetting or drying 
of soils, as described later. It is therefore recommended that 
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Figure 1.7 Moisture characteristic curves (drying) of some soils. 
(After Nakano, M., Transport Phenomena in Soils, University of 
Tokyo Press, Tokyo (1991). With permission.) 
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these conditions be added to each curve accordingly as re- 
quired. 

Soil moisture characteristic curves are approximated by 
several types of functions. The simplest is given by the power 
function 


Ym = —a 0? (1.14) 


where a and b are estimated parameter values. The sigmoid 
function is given by 


0 =p 
log(-Ym) =a +m ($) -1| (1.15) 
where a, b, and c are estimated parameter values and 0, the 
volumetric water content of saturated soil. The function pro- 
posed by van Genuchten (3) is given by 
T eee (1.16) 
~ [1+ (ah)” l 


in which the volumetric water content 0 is transformed into 
the dimensionless water content 


where 6, is the residual value of volumetric water content. 
In this equation, a, m, and n are estimated parameter values 
and h is the suction. The value of m is often set to be equal to 
1—1/n for expediency. 

Figure 1.8 shows an example of the measured moisture 
characteristic curve of sandy loam and the curves approxi- 
mated by using Equations (1.14) to (1.16). The estimated 
parameter values of the power function (Equation (1.14)) are 
a = 0.0385 and b = 4.56, while those of the sigmoid function 
(Equation (1.15)) are a = 1.00, b = 0.350, c = 3.10, and 
0, = 0.420. The estimated parameter values of Equation 
(1.16) are a = 0.0872, m = 0.435, n = 1.77, and 0, = 0.0825. 
Note that the resultant values of Ym with these parameters 
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Figure 1.8 Measured and approximated moisture characteristic 
curves (drying) of sandy loam. 


are given in centimeters while they are plotted in meters in 
Figure 1.8. 

As exemplified in Figure 1.8, a power function can cover a 
wide range of the soil moisture characteristic curve, but its 
agreement is relatively poor. A sigmoid function is useful in 
approximating the curve in the vicinity of the inflection point, 
but its agreement is poor in the case of low water content. Van 
Genuchten’s function is very useful within the range 0, to 0s, 
but the determination of the value of residual value of water 
content 6, is not necessarily easy. 

Other functions for approximating soil moisture charac- 
teristic curves are given in the literature (4). 


C. Osmotic Effect on Retentivity 


When water in soil contains solute, the matric potential is not 
sufficient to define the state of water in the soil. Figure 1.9 
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Figure 1.9 Solution and solvent separated by a semipermeable 
membrane. 


shows a solution and pure water (solvent) separated by 
a semipermeable membrane in a container. Since pure water 
can permeate through the semipermeable membrane, 
water molecules tend to move from the solvent side to the 
solute side. Consequently, the volume of the solution will in- 
crease when the solution pressure is kept constant, and the 
solution pressure will increase when the volume of the solution 
is kept constant. Denoting the solution pressure by pı and that 
of pure water (solvent) by p2, and keeping both volumes con- 
stant, the osmotic pressure 7 of the solution is given by 


It is well known that the chemical potential of water in a 
solution is smaller than the chemical potential of pure water 
due to osmotic pressure (1). The higher the osmotic pressure, 
the smaller the chemical potential value of water in the solu- 
tion. Thus, the state of water in soils is affected by the osmotic 
pressure. The decrease in the chemical potential of water 
caused by osmotic pressure in soil water, termed osmotic po- 
tential ġo (J kg *), has negative values. Osmotic head Wo (m) is 
defined by 


_ h 
g 


Vo (1.18) 


Osmotic pressure 7 is defined by pwd, (Pa). 

The magnitude of the contribution of osmotic potential to 
the retentivity of water in soils is related to the sizes of soil 
pores, to the electrical properties of solid surfaces, to the types 
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of ions in the soil solutions, and to their concentrations. For 
example, when the pore sizes of a soil are larger than water 
molecules but smaller than hydrated solute molecules, the soil 
will behave just like the semipermeable membrane in Figure 
1.9 and will absorb a large quantity of water under a given 
pressure, resulting in an increase in water retentivity. 

Generally, the pore sizes of sandy soils are considerably 
larger than those of hydrated solute molecules, while the pore 
sizes of clay soils are occasionally smaller than those of hy- 
drated solute molecules. The retentivity of water by a soil 
containing much clay is therefore closely related to the os- 
motic potential. Swelling of clay soil is brought about by the 
high retentivity of water due to the osmotic potential as well 
as by the molecular forces between clay and water and by 
electrical forces in electrical double layers around clay par- 
ticles (1,2). 

Since natural soils have various pore sizes and soil solu- 
tions dissolve several kinds of solutes, the contribution of 
osmotic potential to the retention of water by soils is deter- 
mined individually. The contribution of osmotic potential to 
the flow of water in soils is discussed further in Chapter 6. 


D. Hysteresis 


Almost all the soil moisture characteristic curves show hys- 
teresis due to the ink bottle effect. The simplest model of this 
effect is given in Figure 1.10, where one thin glass tube and 
two thin glass tubes with expanded spaces at the halfway 
point are shown. The inside walls of the glass tubes are as- 
sumed to be clean. When an empty tube is placed in a water 
bath, water will rise up within the tube until the water 
reaches its equilibrium state (wetting process); while when a 
tube filled with water is placed in the same water bath, water 
will be drained until the water reaches its equilibrium state 
(drying process). 

The state of equilibrium achieved through a wetting pro- 
cess and through a drying process may be identical in a 
straight tube, as shown in Figure 1.10(a), but may be different 
in tubes with expanded spaces, as shown in Figure 1.10(b), 
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Figure 1.10 Simple model of ink bottle effect in capillary tubes. 


where the expanded space is filled with water, and as shown 
in Figure 1.10(c), where the expanded space is empty. 

Since the sizes of soil pores change successively, the ex- 
istence of the ink bottle effect illustrated above is generally 
recognized. Figure 1.11 is a typical soil moisture characteristic 
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Figure 1.11 Hysteresis of moisture characteristic curve of sand. 
(After Nakano, M., Transport Phenomena in Soils, University of 
Tokyo Press, Tokyo (1991). With permission.) 
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curve showing hysteresis. The primary drying curve begins at 
a saturated condition and extends to a dry condition. The 
primary wetting curve should be measured by starting from 
an absolutely dry condition, but practically, it is available by 
starting from a low matric head where the gradient of the 
matric head 0i),/00 is very large. The primary wetting curve 
in Figure 1.11 was obtained by starting with —100cm of the 
matric head. Other dashed lines in Figure 1.11 are scanning 
curves that turned from drying to wetting, or vice versa. 
Volumetric water content at a given matric head in the drying 
curve is larger than in the wetting curve. Physical descrip- 
tions of hysteresis are given in detail by Iwata et al. (1). 
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I. DARCY’S LAW 
A. Darcy’s Equation for Water Flux 


Liquid water in a soil tends to move from a location where the 
potential energy is high to a location where the potential 
energy is low. The potential energy of water in a soil is termed 
total potential and is composed mainly of matric potential, 
gravitational potential, and osmotic potential. The former 
two potentials contribute to the driving forces of water in all 
soils. The osmotic potential contributes as a driving force, 
especially in clayey soils. Since almost all natural soils contain 
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a clay component, the osmotic potential has a greater or lesser 
influence on the flow of water in soils. In moderately mois- 
tened natural soils, it is assumed that the contribution of the 
osmotic potential is negligible and that gravitational and ma- 
tric potentials predominate in the flow of water. Flow affected 
by the osmotic potential is discussed in Chapter 6. 

The flux of water is given by the Darcy equation 


q = —K grad H (2.1) 


where q is the flux (m s™*), H is the hydraulic head (m), 
and grad H is the gradient of the hydraulic head. In saturated 
soils, K is defined as saturated hydraulic conductivity (m s~*); 
in unsaturated soils, K is the unsaturated hydraulic con- 
ductivity (m s™t). By using rectangular coordinate (x,y,z), 
the components of flux q in the x, y, and z directions are 
given by 


E (2.2) 
Ox 
OH 

EE aes (2.4) 
Oz 


where K,, K,, and K, (m s ') are either saturated hydraulic 
conductivity or the unsaturated hydraulic conductivity in 
the x, y, and z, directions, respectively. The origin of the rect- 
angular coordinate is arbitrary. Usually, the coordinate of the 
z-axis is set at zero at the land surface, groundwater level, or 
depth of impermeable layer. 

The hydraulic head of water in saturated soil is defined 
by 


H =p + Wg (2.5) 


where 7p is the pressure head (m), and the hydraulic head of 
water in unsaturated soils is defined by 


H = Ym + Yg (2.6) 
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Figure 2.1 (a)Upward positive coordinate system. (b) Downward 
positive coordinate system. 


where Ym is the matric head (m) and 7, is the gravitational 
head (m). The components of the flux q in unsaturated soils 
are then given by 


qs = -Kx Aa (2.7) 
Ox 
Om 
qy = —K, OF (2.8) 
neste EE) (2.9) 
qz = 25, sm g ; 


Since the physical basis of capillary potential, a major com- 
ponent of matric potential, was given by Buckingham (1), 
these equations are named Buckingham—Darcy equations. 
The matric head Ym is altered by the pressure head yp in 
these flux equations for saturated soils. 

When the z-axis is defined to be positive vertically up- 
wards (Figure 2.1(a)), Equation (2.9) is rewritten as 
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qz = -K (e 1) (2.10) 


when the z-axis is defined to be positive vertically downward 
(Figure 2.1(b)), the equation is given by 


qz = —K, ( = 1) (2.11) 
Oz 


When the suction A (m), whose sign is always positive, is used 
in these equations, the matric head Ym is replaced with —h (m) 
in these equations. Figure 2.1 denotes, for convenience, the 
dependence of the sign of the vertical flux q, on the definition 
of the z-axis. Occasionally, the z-axis positive upward system 
is used in the situation when upward flow is predominant and 
the z-axis positive downward system is used in the situation 
where downward flow is predominant. 

When the z-axis is inclined at an angle ¢ around the 
y-axis, as shown in Figure 2.2, the hydraulic head H is 
defined by 


H = Ym ~ xsin ọ + z cos ġ (2.12) 


Figure 2.2 Coordinate system rotating the y-axis for ¢ and com- 
ponents of flux q. 
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and the components qx and q; are given by 


O Om . 
qx = Shy (a — sin 6) (2.13) 
qz = Hk Gs + cos 6) (2.14) 
Ox 


respectively, while the component q, remains in the form of 
Equation (2.8). These equations are used to analyze flow in 
slopes. 


B. Basic Equation of Water Flow in Soils 


Liquid water flows through continuous and tortuous pores in 
soils. Darcy’s law is a macroscopic law deduced by the inte- 
gration of the individual water flow in each pore, which has 
various shapes microscopically. The basic equation of water 
flow in soils is constructed by applying Darcy’s law to a small 
cube of dx dy dz as shown in Figure 2.3, which contains a 
sufficiently large number of soil particles and therefore dem- 
onstrates representative properties of the entire soil sample. 
Denoting the change in volumetric water content in this 
small cube by dé, the total quantitative change of water in this 
cube is given by dé dx dy dz. When there are no source of water 
and no sink of water in the cube, the total quantitative change 


Qz+dz 


0 
Figure 2.3 Small cube within a soil. 
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of water is produced by the difference between inflows (qx, qy, 
and q-) and outflows (qx+ax, qy+dy, and qz+az), given by 


qx 
Ax+dx = Ux T 7" dx 
ôq 
qy+dy = qy T D dy (2.15) 


The continuity equation of water during a given time df is 
then given by 


dé dx dy dz 
Be (ee Co er ap Pee oe He eT 
Ox Oy Oz 
(2.16) 
which results in 
oð (Oqx qy ðqz 
Ot (F ' Oy | A) An 


Applying Darcy’s law and substituting Equations (2.2) to (2.4) 
into Equation (2.17), 


ð ə OH a) OH ð OH 

Ot Ox (x. =) Oy (x, =) Oz (x. =) aie) 
is obtained. 

In saturated soils, the hydraulic conductivity is assumed 
to be constant, and hence Equation (2.18) is transformed into 

00 OH OH 2H 


= k, HK, + K, 
Ot Ox? ” Oy? Oz? 


(2.19) 


When the soil matrix is incompressible and isotropic, the left- 
hand side of Equation (2.19) is zero and K; = K, = Kz, result- 
ing in 


26 Water Flow in Soils 


PH OH CH: « 


Ox2 ° Oy2 ` Az? ee) 


which is the Laplace equation. 
In unsaturated soils, Equation (2.18) is transformed into 


Ə fy Wm) 3 (p Om), 3 [y Wm) 3K 
eK ta) 5 (& se ) oy (K me) 4 Oz 


(2.21) 


which is Richards’ equation. 

When a relation between volumetric water content 0 and 
matric head Ym is given, Equation (2.21) is transformed into 
equations of either 0 or Wm. Substituting specific water cap- 
acity C, defined by 


C= (2.22) 


into the left-hand side of Equation (2.21), we obtain the equa- 
tion of flow with respect to Ym as 


op let) aCe) 


ðt Ox\~ dx J) y” dy 
2.23 
(Ob) E an 
dz\"* ðz) oz 


On the other hand, the substitution of specific water capacity 
C into the right-hand side of Equation (2.21) gives the equa- 
tion of flow with respect to 0 such that 


æ af N əf B\ ðf əN 2K, 
Fe (Pra) + a) YB 


(2.24) 


where D,, D,, and D, are the soil water diffusivities (m? s7», 
which are defined by 


K, K, K, 
—, D=—, D, = 2.25 
Go C (2.25) 


D, = ’ 
C 
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It should, however, be noted that the specific water capacity C, 
defined by Equation (2.22), is different for each soil, and even 
in the same soil it is affected by the hysteresis loops of the soil 
moisture characteristic curve (Figure 1.11). 


C. Unsaturated Hydraulic Conductivity 


Saturated and unsaturated hydraulic conductivities are both 
related to the degree of resistance from soil particles when 
water flows in pores. These resistances are affected by the 
forms, sizes, branchings, jointings, and tortuosities of pores 
as well as by the viscosity of water. In addition, unsaturated 
hydraulic conductivity is affected markedly by the volumetric 
water content of soil. 

There are two types of configurations of water in unsat- 
urated soils: the water films around soil particles, including 
funicular water at the contacts between particles and the 
partially saturated water in small pores. These configurations 
can coexist. When volumetric water content decreases in a 
soil, both the thickness of water films and the size of domains 
where partially saturated water exists will decrease. Hence, 
decease in volumetric water content will bring about a de- 
crease in cross-sectional flow area, an increase in resistance 
against the flow, and an increase in the real distance of the 
flow. This is why unsaturated hydraulic conductivity de- 
creases very quickly with a decrease in water content. 

Several types of hydraulic conductivities, collected pri- 
marily by Nakano (2), are shown as a function of volumetric 
water content in Figure 2.4. The differences in unsaturated 
hydraulic conductivities among soils at the same volumetric 
water content in Figure 2.4 are attributed to the differences in 
water configurations in individual soils. The unsaturated hy- 
draulic conductivities of soils are thus influenced significantly 
by disturbance, compaction, or any other cause of change in 
the configuration of water. The same influence is recognized 
in saturated hydraulic conductivity. 

Empirical formulas of unsaturated hydraulic conductiv- 
ity have been proposed as functions of 0, h, or Wm according to 
the requirement: 
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Figure 2.4 Unsaturated hydraulic conductivities of several soils 
versus volumetric water content. (After Nakano, M., Transport Phe- 
nomena in Soils, University of Tokyo Press, Tokyo (1991). With 
permission. ) 


K(0) =a’ (2.26) 
a 
K(Um) = Kg exp(atm) (2.28) 


where a, b, n, and a are parameters determined experimen- 
tally. 

Many efforts have been made to predict the unsaturated 
hydraulic conductivities of soils from their moisture charac- 
teristic curves, since the curves are related to the structures 
of soil pores, which dominate the hydraulic properties of 
soils. Among others, the so-called closed form of unsaturated 
hydraulic conductivity proposed by van Genuchten (3), 


K,(@) = O*2[1 — (91? (2.29) 


is mostly favored by many researchers, where the relative 
hydraulic conductivity K, is defined by the saturated 


Physical Laws of Water Flow in Soils 29 


hydraulic conductivity K, and the unsaturated hydraulic con- 
ductivity K by 


KO) = K/K; 


Other parameters in Equation (2.29) are common to those 
defined in Equation (1.16). To date, however, we do not have 
a satisfactory method of predicting the unsaturated hydraulic 
conductivity of a given soil over an entire range of water 
content. Hence, it is reeommended that unsaturated hydraulic 
conductivities of given soils be measured as precisely as 
possible. 

The effect of hysteresis is negligibly small when unsat- 
urated hydraulic conductivities are given as a function of 
volumetric water content, whereas the effect of hysteresis is 
fairly large when the conductivity values are given as a func- 
tion of matric potential. 

The preference for using unsaturated hydraulic conduct- 
ivities rather than soil water diffusivity in the analysis of 
water flow in soils is based on evidence that their physical 
meaning is clear. In addition, water flow in both saturated and 
unsaturated soils is treated continuously by using unsatur- 
ated hydraulic conductivity with saturated hydraulic conduct- 
ivity. The disadvantage of using unsaturated hydraulic 
conductivities lies in their difficulty of measurement and in 
the magnitude of change of their values compared with that of 
soil water diffusivities. 


D. Soil Water Diffusivity 


Soil water diffusivity is defined as the ratio of unsaturated 
hydraulic conductivity to specific water capacity, as given by 
Equation (2.25). Figure 2.5 shows examples of soil water dif- 
fusivities. The advantage of using soil water diffusivities in 
the analysis of flow lies in the evidence that the range of their 
values against water content is relatively narrow. This makes 
numerical treatment of flow easy. The disadvantage of using 
soil water diffusivities emerges when the flow is analyzed by 
Equation (2.24), where it is required that both soil water 
diffusivity and hydraulic conductivity of the given soil be 
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Figure 2.5 Soil water diffusivities of several soils versus volumet- 
ric water content. (From Nakano, M., Transport Phenomena in 
Soils, University of Tokyo Press, Tokyo (1991). With permission.) 


known. The very small values of specific water capacity C in 
the range of high water content cause another difficulty when 


applying soil water diffusivity to soils with a high water con- 
tent. 


Il. GAS-PHASE CONFIGURATION 
IN UNSATURATED SOILS 


A. Free and Entrapped Air in Soils 


There are two types of gas-phase configurations in soils: free 
air, which is connected with the atmosphere, and entrapped 
air, which is isolated and surrounded by the liquid phase. The 
flow of water associated with free and entrapped air is some- 
times called flow in an open system and flow in a closed 
system, respectively (4). 
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The relation between the soil moisture characteristic 
curve and gas-phase configuration is illustrated in Figure 
2.6, where the soil matrix and water are indicated by shading 
them together. This type of soil moisture characteristic curve 
is obtained from both a drying process and a wetting process, 
each of which is generally different, due to hysteresis (see 
Chapter 1). Air entry suction he (or air entry value Yme) is 
defined as the minimum value of suction that allows free air to 
enter soil pores in the drying process. When the suction is less 
than he, the gas phase can exist only as entrapped air, and 
when the suction is greater than he, free air predominates in 
the soil pores. When the volume of entrapped air is negligibly 
small, soil whose suction is less than h, is considered satur- 
ated. Similarly, water entry suction Aw (or water entry value 
Wmw) is defined as the maximum value of suction that allows 
water to enter soil pores when no free air remains in the soil 
pores during the wetting process. Air entry suction is nor- 
mally higher than water entry suction. These two types of 
suction play important roles in preferential water flow (dis- 
cussed in Chapter 4). 


h A 
Free air 
Open 
System Entrapped air 
Soil matrix and water 
0 
he 1 Air entry suction 
0 Ground water level 
Closed 
system 
Y 


Figure 2.6 Soil moisture characteristic curve and configurations 
of the gas phase in soils. 
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Figure 2.7 shows an actual example of volume ratio pro- 
files of solid, gas, and liquid phases in a volcanic ash soil 
column 6-cm thick, 10-cm wide, and 108-cm high (5). The 
soil column was scanned using a double-gamma-beam 
method, with 1°’Cs and 7“1Am as sources, to measure the 
volumetric water content profiles and bulk density profiles 
simultaneously without disturbing the column. The liquid- 
phase profile before drainage, denoted as 2 in Figure 2.7, 
was obtained by raising the water level. The profile after 
drainage, designated 3 in Figure 2.7, was obtained by low- 
ering the water table at the level denoted 5 in the figure. It is 
evident in Figure 2.7 that even below groundwater level more 
than 10% of the gas phase remained in the soil exclusively as 
entrapped air. The air entry suction of this soil is estimated to 
be 23 cm. 
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Water content 
2 Before drainage 
3 After drainage 


4 Soil surface 
5 Water table 
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a Water content by the 
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Figure 2.7 Profile of volume ratio of the solid, gas, and liquid 
phases in a volcanic ash soil column. (After Miyazaki, T., Kasubuchi, 
T., and Hasegawa, S., J. Soil Sci. 42:127-187 (1991). With permis- 
sion.) 
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Entrapped air tends to be removed by percolating water 
when the rate of water flow is large, and tends to be dissolved 
in water with time, especially when the water is under posi- 
tive pressure. Hence, air entrapped below the groundwater 
will diminish over time. On the other hand, the activities of 
microbes often generate several types of gases in soil pores, 
which will result in an increase in entrapped air. The change 
in soil temperature also affects the volume of entrapped air, 
due to the change in gas solubility in water with temperature. 
The lower the soil temperature, the lower the volume of en- 
trapped air in soil pores. 

Why is the porosity of volcanic ash soil as large as about 
80% (see Figure 2.7)? It is quite notable that the porosity of 
volcanic ash soil is remarkably large compared with other 
typical soils whose porosities lie in the range 30 to 60%. This 
peculiarity is due to the predominant clay mineral of volcanic 
ash soils, Allophane, an amorphous inorganic matter and 
known as a manifold of a small hollow sphere whose diameter 
is about 3.5 to 5.0 nm. Since water molecules inside the hollow 
sphere can be removed away through many holes on the 
sphere walls, the air-dried volcanic ash soils are fairly light. 


B. Forced-Closed System 


When channels of air entry into soil pores are interrupted by, 
say, a tightly closed container, water flows in a forced-closed 
system even when the suction is greater than the air entry 
value. Figure 2.8(a) shows horizontal water flow in an open 
system, and Figure 2.8(b) shows flow in a forced-closed sys- 
tem. The degree of suction on the left-hand side of both col- 
umns is maintained at zero, while those on the right-hand 
side are maintained at hg. It is assumed that both columns are 
initially saturated and that hg exceeds the air entry value of 
the soil. In the open system, water content will decrease 
progressively toward the right-hand side of the column by 
drainage and the unsaturated hydraulic conductivity will be 
reduced there. In the forced-closed system, even if the suction 
at the right-hand side of the column exceeds the air entry 
value, no free air will enter the soil. Assuming that the volume 
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(a) Open system (b) Forced-closed system 
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Figure 2.8 Horizontal water flow: (a) in an open system and (b) in 
a forced-closed system. 


of entrapped air is negligible, the hydraulic conductivity in 
the column will be kept constant throughout the soil. In 
steady states, therefore, the distribution of matric head in 
the open system will become a curve that is convex upward 
while the one in the forced-closed system will become a 
straight line, as shown in Figure 2.8. In this situation, the 
flux of water in the forced-closed system will be larger than 
that in the open system. 


C. Water Flow in Open Systems 


By using a steady vertical flow of water in open systems, 
Srinilta et al. (6) and Nakano and Ichii (7) measured the 
unsaturated hydraulic conductivities K(7) of soils as a func- 
tion of matric head Ym. This is a suction method, established 
by Richards (8). The principle of measurement used by 
Nakano and Ichii is shown schematically in Figure 2.9, 
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| Ae 


Figure 2.9 Utilization of steady flow in an open system for the 
measurement of unsaturated hydraulic conductivity. 


where a soil sample is installed in a column whose wall is 
perforated to keep the inside air phase free to the atmosphere. 
Water flow in soils with such free air phase is called conven- 
tionally the flow in an open system. A steady flux q (m s_') is 
applied from the upper inlet and matric heads at a distance 
of Az along the flow in soil are measured by tensiometers. 
Applying Buckingham—Darcy equation (2.11) to the various 
values of q and defining the z-axis as positive vertically down- 
ward, the unsaturated hydraulic conductivity K(jm) is given 
by 


q 
—(Adm/Az)+1 


Km) = (2.30) 


where Av» is the difference in matric head at a distance of Az. 
The value of the denominator in Equation (2.30) is, by the 
definition, equal to AH /Az, whose value is available by meas- 
uring AH and Az in Figure 2.9. The resulting values of K(wm) 
are given in Figure 2.4. 

Miyazaki (9) measured the unsaturated hydraulic 
conductivities of a sandy loam by using a horizontal transient 
flow of water in an open system. Matric heads along a perfor- 
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ated soil column, filled with sandy loam, were measured 
by tensiometers installed at regular intervals, as shown in 
Figure 2.10. The initial matric head was kept at zero and 
the outlet was suddenly lowered to zı centimeters from the 
outlet of the column. The change in matric head values was 
measured at every t; (i = 0, 1, 2,..., n) minutes after lowering 
the outlet. By using a soil moisture characteristic curve 
(which is not indicated), the matric head values were con- 
verted to volumetric water content. The equation for horizon- 
tal water flow in this column is given by 


g = Klin) En (2.31) 
IX 


~ L > 


Open system soil 


Matric head 


Volume water content 


fo) 
x 
x 


Distance 


Figure 2.10 Utilization of transient flow in an open system for the 
measurement of unsaturated hydraulic conductivity. 
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and the continuity equation of flow is 
oð q 
ðt = Ox 


Substituting Equation (2.31) into Equation (2.32) and inte- 
grating it from 0 to x, we obtain 


(2.32) 


x 


—1 
Klm) = : T 6 dx (3) (2.33) 
0 


By discretizing time into t = t; (i = 0, 1, 2,...) and space into 
x = x; (] = 1, 2,..., n), as shown in Figure 2.10, the value 
of the right-hand side of Equation (2.33) is estimated approxi- 
mately. The value of the first parenthetical term on the right- 
hand side of Equation (2.33) is approximated by 


A 


— 2.34 
tina — ti ue) 


where A denotes the change in volume of water per unit 
section contained within the range x = 0 tox = (x; + x;41)/2 
between £ = t; and t = t;,,. The value of the second paren- 
thetical term on the right-hand side of Equation (2.33) is 
approximated by 


(=) (2.35) 
Um, j+1 =, Um, j (t;+t;+1)/2 


where (t; + ti+1)/2 means that the term (Ym, j+1 — Ym, j) is aver- 
aged between £ = t; and t = t;,1, as denoted in Figure 2.10. 
The resultant K(Ym) obtained by this approximation is also 
shown in Figure 2.4. 

The procedure described here is an instantaneous profile 
method and is recommended for use with soils that are rela- 
tively coarse or loose and thus tend to have less than perfect 
contact with porous cups during measurement. 
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D. Significance of Gas-Phase Configurations 
in Fields 


Whether the gas phase in a field is free to the atmosphere or 
entrapped affects the reduction and oxidation of subsoils, 
their gas-phase composition, denitrification, and the activities 
of microorganisms. A good example was presented by Toku- 
naga and Sasaki (10) using forced-closed systems in a test 
paddy field that had been contaminated by cadmium. It is 
well known that cadmium is not active and thus is not 
absorbed by plant roots under reduced conditions. Hence, if 
water is ponded continuously in a field and subsequently the 
subsoil is kept under reduced conditions, any influence of the 
cadmium contamination is blocked. Since the test field soil 
investigated by Tokunaga and Sasaki (10) was highly perme- 
able it was difficult to maintain ponding, so they crushed and 
compacted the subsoil to make a forced-closed system. Once 
such a system was constructed, they could keep the surface 
soil in reduced conditions and succeeded in prohibiting any 
influence from the cadmium in the test field. 


Il. INFILTRATION 
A. Physical Properties of Infiltration 
1. Infiltration into Dry Soils 


Infiltration is defined as the penetration of water into soil 
pores. If dry sand is spread thinly on a glass plate and water 
drops are applied to one side of the sand mass by a syringe, 
water will be absorbed quickly by the sand. Figure 2.11 shows 
a moment when a distinct wetting front, defined by the inter- 
face between a wetted zone (dark part) and a dry zone (light 
part), exists in glass beads of average diameter 1 mm. The 
wetting front is moving from the left to the right. Microscop- 
ically, however, water does not move smoothly but sometimes 
accumulates behind the apparently resting wetting front, and 
then when the equilibrium of the wetting front is destroyed, 
will suddenly spring into adjacent pores. In Figure 2.11, it is 
seen that one glass particle is taken in the wetting front in a 
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f 1 VA 
Figure 2.11 Configuration of the wetting front (the interface be- 


tween the dark zone and the light zone) advancing from left to right 
in glass beads, taking in the particles one by one. 
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moment. Thus, the curvature of the wetting front varies con- 
tinuously and the water film on the wetting front moves 
laterally rapidly from location to location, due to the differ- 
ence of pressure. The direction of this film type of flow is 
parallel to the face of the wetting front, while the direction 
of the flow behind the wetting front is normal to it. 

Although water movement during infiltration is thus 
very uneven microscopically, the movement appears to be 
rather smooth when we move our eyes away from the wetting 
front. Theories of infiltration have been developed primarily 
for this macroscopically smooth movement of water and partly 
for the microscopic behavior of the wetting front. 


2. Infiltration into Wet Soils 


When new water penetrates wet soils, how does the existing 
water behave? Will the existing water stay at the surface and 
at the points of contact of soil particles, or will it be expelled 
from its positions? This is a matter of great concern both when 
contaminant water infiltrates wet fresh soils and when fresh 
water infiltrates wet contaminated soils. 

Figure 2.12 shows an experimental device for the demon- 
stration of horizontal infiltration. Sand was packed carefully 
in a Perspex soil container of 29-cm long, 18-cm wide, and 2-cm 
deep. Fresh water, whose head was kept at a slightly positive 
value, was supplied from a reservoir and a dye (a powder of 
potassium permanganate [KMn014]) was placed on the surface 
of the sand bed as a straight line rectangular to the water flow 
8 cm from the inlet of water. Figure 2.13 shows the visualized 
wetting and dye fronts in the sand beds, whose initial water 
contents were air dried, 0.01 and 0.02 g g +, respectively. The 
wetting-front advancement in air-dried sand was identical to 
that of the dye front (as shown in Figure 2.13(a)), whereas 
there were differences between the wetting and dye fronts in 
wet sands (as shown in Figure 2.13(b) and (c)). If infiltrated 
water moved in the air-filled pores of wet sands without driv- 
ing out existing pore water, the dye front would have followed 
the wetting front consistently. On the other hand, if infiltrated 
water drove out existing pore water, like a piston flow, the dye 
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Figure 2.12 Experimental device for the demonstration of hori- 
zontal infiltrations. 


front would have been behind the wetting front because, 
according to the assumption, the visible wetting front was 
not composed of newly infiltrated water but of existing water 
pushed out by the infiltrated water. 

The discrepancies in the wetting and dye fronts in wet 
sands (Figure 2.13(b) and (c)) show us that the latter assump- 
tion made above was true. In other words, water in the vicin- 
ity of the wetting front in the wet sand was composed of 
initially contained water pushed out by newly penetrated 
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Figure 2.13 Wetting front and dye front in (a) dry sand and (b and 
c) wet sand. 


water. This is fairly important in the understanding of infil- 
tration into wet soils, especially when the infiltrated water is 
contaminated by chemicals or when fresh water infiltrates 
wet and polluted soils. 

There is a possibility that some of the existing water 
remains around soil particles during infiltration when soil is 
highly aggregated or in more clayey soil. van Genuchten (11) 
termed this remaining water immobile water, to distinguish it 
from mobile water. Determination of the ratio of the water 
remaining to the water expelled may become a challenging 
subject in this field. 
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3. Factors Affecting Infiltration 


Infiltration of soils occurs both from ponded water on land 
surfaces and from the atmosphere in the form of rain or 
irrigation sprinkling. When the intensity of rain or sprinkling 
is low, infiltrated water flows down to the soil without ponding 
on land surfaces. 

Figure 2.14 shows examples of simulated water content 
profiles during infiltration of rains into sandy loam of porosity 
0.42 cm? cm? and saturated hydraulic conductivity 2.8 x 10-3 
cm s™t. The rain intensities are 2, 5, and 20 mm h“1, respect- 
ively. Even when the rain intensity is 20 mm h`! (Figure 
2.14(c)), the surface soil is not saturated and the water content 
gradually approaches 0.26 cm? cm~?. When the rain intensity 
is 5mm h 1, the water content gradually approaches 0.23 cm? 
cm. It is supposed that the water content of the surface soil 
becomes saturated only when the rain intensity exceeds 101 
mm h~1, which is equal to the saturated hydraulic conductivity 
of this sandy loam. When the rain intensity is much greater 
than this, excess water will pond on the land surface. Thus, 
infiltrations are classified as either ponded-water infiltration 
or sprinkling-water infiltration. 
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Figure 2.14 Simulated water content profiles during infiltration. 
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In ponded-water infiltration, the boundary condition of 
water content at land surface is given by 


0 = Os, z=0,Łt>0 (2.36) 


where @, is the saturated volumetric water content. On the 
other hand, the boundary conditions at the land surface under 
rain or sprinkling-water infiltration are given by 


qo = rt), z-0,t>0 (2.37) 


where qo is the influx of water and r(t) is the rain or sprinkling 
intensity. The latter type of boundary condition is termed a 
flux control boundary condition. Under the flux control bound- 
ary condition (2.37), the volumetric water content 0 at the 
land surface is determined by the rain or sprinkling intensity 
such that the unsaturated hydraulic conductivity K(0) is 
equalized to r(t). Figure 2.14 gives examples where the volu- 
metric water contents of the land surface are controlled by 
their flux boundary conditions. Initial water content; physical 
properties of soils relating to swelling, shrinkage, and disper- 
sion of soil particles; heterogeneity of soils; properties of water 
such as temperature, gas content, and solute concentration; 
and other environmental conditions all effect infiltration. 


Example Determine the final volumetric water content 0 at 
the land surface whose unsaturated hydraulic conductivity is 
given by K(6) = a6®, where a and b are the parameters under 
the flux control boundary condition r(t), which is smaller than 
the saturated hydraulic conductivity of this soil. 


The basic equation for water flow in the vicinity of land sur- 
face is 


qz = -Ko (e = 1) 


where qz is the vertical downward water flux (see Equation 
(2.11)). After a long continuation of sprinkling, the gradient 
of matric potential ðpm/ðz gradually approaches to zero and 
the flux approaches to K(@). Since the given flux is smaller 
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than the saturated hydraulic conductivity, Equation (2.38) is 
applicable and, from the relation of r(t) = K(@), we obtain the 
final volumetric water content 


1/b 
ley 
a 


B. Infiltration Capacity 


The infiltration rate is defined by the flux of water across a 
land surface into the soil. The maximum infiltration rate of 
a given soil, which is equal to the infiltration rate of ponded 
water, as shown schematically in Figure 2.15, is termed infil- 
tration capacity, designated f,. The infiltration capacity of dry 
soil is higher than that of wet soil. At an early stage of infil- 
tration, since the wetting front exists near the land surface, 
the high matric head gradient at the wetting front gives rise 
to a high infiltration capacity. The infiltration capacity de- 
creases with time due to advancement of the wetting front 
into the deep land zone. Eventually, the infiltration capacity 
approaches asymptotically the final infiltration rate. 

It is reasonable to suppose that the final infiltration rate 
of ponded water is at least equal to the saturated hydraulic 
conductivity of a given soil because there must be no matric 
head gradient at the land surface in the final stage of infiltra- 
tion and hence the rate must be equal to the saturated hy- 
draulic conductivity. This is not the case, however, even under 


Wet soil 


t 


Figure 2.15 Infiltration capacity of dry soil and wet soil. 
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ideal experimental conditions, and final infiltration rates 
have been reported to be one half or two thirds those of the 
saturated hydraulic conductivities of uniform soils. One of 
the most plausible reasons for this discrepancy is that the 
volumes of entrapped air may be different in the apparently 
saturated soils and the actually saturated soils. Soil satur- 
ation by ponded water proceeds downward from the soil sur- 
face, leaving much entrapped air, while the soil saturation in 
the measurement of saturated hydraulic conductivity gener- 
ally proceeds upward by supplying water from the bottom, 
minimizing the entrapped air. The difference between the 
infiltration capacity and the saturated hydraulic conductivity 
of a soil is thus attributed to the difference in the volume of 
entrapped air, which obstructs the flow of water in soils. 


C. Infiltration Rate in Fields 


When the intensity of rain or sprinkling water is less than the 
value of the saturated hydraulic conductivity of a given soil, 
the infiltration rate of rain or sprinkled water is determined 
theoretically by the intensity of rain of sprinkling due to flux 
control boundary conditions. Miyazaki (12) investigated the 
quantitative relations among the infiltration rates of sprink- 
ling water, the final infiltration rates of ponded water, and the 
saturated hydraulic conductivities of the soils by using sloping 
lysimeters filled with bare sand, bare volcanic ash soil, sand 
covered with grass, and volcanic ash soil covered with grass. 
Figure 2.16 shows the equipment used in the experiments. 
Artificial rain of the desirable intensity was supplied by mo- 
bile rain simulators installed with 10,000 nozzles 4 m above 
the lysimeters, and both surface runoff and infiltrated water 
were measured periodically. The final infiltration rates of 
ponded water were measured at two separate locations in 
each lysimeter, using a cylindrical column of 30 cm inside 
diameter. The saturated hydraulic conductivities were calcu- 
lated by averaging four soil samples taken from each lysi- 
meter. 

Figure 2.17 shows the water balance in one lysimeter, 
where r is the rain intensity, R is the surface runoff, I is the 
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Rain simulator 


Figure 2.16 Sloping lysimeters equipped with a mobile rain simu- 
lator. 


Figure 2.17 Water balance in a sloping lysimeter. 


infiltration rate, D is the drainage rate, and AS denotes the 
storage of water in the lysimeter. The water balance changed 
with time ¢, as shown in Figure 2.18. When the storage of 
water in soil was terminated at time to, the drainage rate D 
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> 1 


0 


Figure 2.18 Change in water balance. 


became equal to the infiltration rate J. The water balance 
equations in these situations are given by 


O for <t < to 


r-k=D for to < t 288) 


Table 2.1 shows the measured values of final infiltration rates 
of ponded water, infiltration rates of sprinkling water, and the 
saturated hydraulic conductivities of sand and volcanic ash 
soil. The intensity of sprinkled water was fixed at 40 mm h™t. 
Land surfaces were bare or covered with grass. The distinct 
features in this table are summarized as follows: 


Table 2.1 Comparison of Final Infiltration Rates with Saturated 
Hydraulic Conductivities of Soils 


Final infiltration rates Saturated 
hydraulic 
Land surface Ponded water Sprinkled conductivity 
conditions Soil (mmh7!) water(mmh 7!) (mmh7~}4 
Bare Sand 43 21 194 
Volcanic ash 858 29 192 
Grass Sand 87 38 124 


Volcanic ash 1175 40 142 
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1. 


The final infiltration rates of sprinkled water are 
much less than both the final infiltration rates of 
ponded water and their saturated hydraulic conduct- 
ivities. This feature is attributed to the surface crust 
formed by the impact of failing drops of water (dis- 
cussed in more detail in Chapter 5). 

The final infiltration rates of ponded water into vol- 
canic ash soils are quite large. This is attributed to 
the macropores (details are given in Chapter 9). 
Although the rain intensity (40 mm h~’) is lower 
than the saturated hydraulic conductivities K, of 
each soil, the final infiltration rate of sprinkled 
water was one fourth to one tenth of the K, value. 
The values are lower than those reported earlier. 
The relations among saturated hydraulic conductiv- 
ities, final infiltration rates of ponded water, and final 
infiltration rates of sprinkled water are affected by 
both the physical properties of soils and the land use. 
The final infiltration rates of ponded water into 
grass-covered soils were higher than those into bare 
soils; while the saturated hydraulic conductivities of 
grass-covered soils were a little lower than those of 
bare soils. Presumably the scale of macropores and 
the heterogeneities of the soils are related to these 
differences. 


All these features (Table 2.1) encourage us to understand 
the hydraulic properties of soils in fields in terms of surface 
crusts, macropores, and soil heterogeneity (see Chapters 3—5 
and 9), and to investigate infiltration more realistically. 


D. Mathematical Formulation of Infiltration 


1. Empirical Equations 


Mathematical formulations of infiltration are classified as 
empirical methods or physically based methods. Empirical 
methods try to obtain fitting parameters to approximate 
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the infiltration curve given in Figure 2.15. The Kostiakov 
equation, 


t= pir” (2.39) 
the Horton equation, 

i = ie + (io — iJe ™ (2.40) 
and the Holtan equation, 

i = te + a(M - D” (2.41) 


are well-known empirical equations in which i is the infiltra- 
tion rate (identical to the infiltration capacity f.), ie is the final 
infiltration rate, ig is the initial infiltration rate, J is the 
cumulative infiltration, and t is time. The other parameters, 
denoted by B, n, k, a, and M, are fitting parameters relating to 
the types of soils and adjacent conditions such as bulk density, 
initial water content, and nonuniformity of soils. 


2. Green—Ampt Equation 


The Green—Ampt equation (18) is the first equation of infil- 
tration based on a physical model. In this model, a piston-like 
moisture profile and a corresponding pressure head profile, 
designated as solid lines in Figure 2.19, are assumed. The 


Pressure head H 


Ho 


H; 


Z Z 


Figure 2.19 Soil moisture profile and pressure head profile of the 
Green—Ampt model. 
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smooth curve in Figure 2.19 is the actual moisture profile. In 
the Green—Ampt model, the infiltration rate is given by 


ee: 
L= ++ (2.42) 
I 
where b is a physically defined parameter. Alternatively, this 
equation is written by using saturated hydraulic conductivity 
K, and the pressure heads as 


Ho — He + Le 


-K 
I re 


(2.43) 
where Ho is the pressure head at the land surface (which is 
equal to the depth of ponded water), Hy is the effective pres- 
sure head (negative value) at the wetting front, and Lr is the 
distance from the land surface to the assumed wetting front. 
The increase in the volumetric water content Aé in the wetted 
zone is defined by 6, — 60, where 0, is the volumetric water 
content in the wetted zone and ĝo is the initial volumetric 
water content. The value of A9 is related to the infiltration 
rate by 


dI dL 
NG 2.44 
dt dt ( 
Substitution of Equation (2.44) into Equation (2.43) yields 
Ks. Le 
AG dt = ae eae dLe (2.45) 
Integration of Equation (2.45), 
tK Le Le 
Z dt = dL 2.46 
Ja es ee a aaa a, 
yields the solution 
Ks, Le 


Substitution of Equation (2.47) into the definition of inte- 
grated infiltration 
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I = LsA0 (2.48) 


yields the Green—Ampt equation, 
I=K,t+A in(1 +3) (2.49) 


where A = AO(Ho — Hf). The reliability of this equation lies in 
the physical reality of H;, the effective pressure head at the 
assumed wetting front. The vagueness of the definition of Hr 
had lowered the theoretical reliability of the Green—Ampt 
equation. 


Example Confirm the equality of Equation (2.43) to Equa- 
tion (2.42). 


Since the integrated infiltration J is equal to Ad x Lr (see 
Figure 2.19), L¢is given by 
1 
Le = — 
f 20 


Substituting this relation into Equation (2.43), we obtain 
K,A0(Ho — Hp) 


i= K,4 T 
By defining b = K,A0(Ho — H¢), we find the relation 
b 
E 
l + T 


Assuming that i = i, = K, for t — œœ, the infiltration rate is 
written as 


Several investigations have been conducted to verify the 
physical meaning of H;. Bouwer (14) proposed the critical 
pressure head concept, with which he estimated the value of 
Hç, and Mein and Larson (15) developed the critical pressure 
head concept more realistically. The explanation given by 
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Neuman (16) of the physical meaning of Hf may be typical. He 
applied a one-dimensional Darcy’s equation by using pressure 
head H, as 


7a «(= = ) (2.50) 


Oz 
where K is the unsaturated hydraulic conductivity. The value 
of pressure head H, is equal to the matric head ym when the 
value is negative. Integration of Equation (2.50) from the land 
surface to the wetting front is given by 
Le 


H; a 
q g=- | K aH, + | K dz (2.51) 
0 Ho 0 


where Ho is the pressure head at the land surface and H; is 
the initial pressure head of the soil. When a piston-like 
moisture profile is assumed during infiltration, the flux q 
is equal to the infiltration rate i and the unsaturated hy- 
draulic conductivity K is equal to the saturated hydraulic 
conductivity K.. The implementation of integration is thus 
given by 


1 Hi 
i =q => (- K dH, + KL) (2.52) 
Le Ho 
The integration of K from Ho to H; is divided into two parts: 
H; 0 H; 
K aH, = | Kam + [ K dH, (2.53) 
Ho Ho 0 


where the value of Ho is positive and the value of H; is nega- 
tive. The first integration on the right-hand side of Equation 
(2.53) is equal to —K,Ho because the value of K is usually 
equal to K, under a positive pressure head. Thus, the infiltra- 
tion rate is given by 


Ho — Jo‘ (K/Ks) dHp + Le 
Le 


i = K; (2.54) 
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Comparing each term of Equation (2.54) with the Green- 
Ampt equation (2.43), we obtain 


Hi K 
H; = f — dH, (2.55) 
0 Ks 


which is a physically based definition of the effective pressure 
head Hç at the wetting front. 

The Green—Ampt equation (first published in 1911) was 
deduced from an oversimplified moisture profile model, a pis- 
ton-like profile. Nevertheless, this equation is still used be- 
cause its ability to predict the infiltration rate is no poorer 
than that of newer equation (17) and because the simplicity 
of the piston-like moisture profile is favored by engineers 
and some scientists. Iwata et al. (18) provide further detailed 
applications of the Green—Ampt model. 


3. Philip’s Method 


A one-dimensional flow equation for horizontal flow in an 
isotropic soil is given by 


Maco (p x) (2.56) 


ðt Oxi \ ax1 


for a vertical-down flow by 


ð ə 00 OK 

Ot Ox9 ( im) Ox9 eo) 
and for a vertical-up flow by 

æð ə 00 OK 

Ot 0x3 ( 2) l 0x3 A288) 


where @ is the volumetric water content, t is time, x; is the 
horizontal distance, xə is the vertical distance positive down- 
ward, x3 is the vertical distance positive upward, K is the 
unsaturated hydraulic conductivity, and D is the soil water 
diffusivity. Approximate solutions of these equations for semi- 
infinite soil under the initial and boundary conditions 
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6, t=0, OFX, 
0=<4 6 t>0, Xn =+% (2.59) 
Oo t>0, x, =0 


for n = 1, 2, or 3 were given analytically by Philip (19,20), 
where 6; is the initial volumetric water content and ĝo is the 
volumetric water content at the soil surface. To date, modifi- 
cations of Philip’s solutions to a variety of conditions have 
been developed primarily by Philip himself. The concept in- 
volved in Philip’s solution is introduced here in a specific form. 

Miyazaki et al. (21) measured moisture profiles during 
horizontal, vertical-up, and _ vertical-down infiltrations. 
Figure 2.20 shows the measured profiles 60, 120, and 240 
min, respectively, after the start of infiltration into air-dried 
Hanford sandy loam. The boundary conditions of the matric 
head at the inlet of each soil column were maintained at —5 
cm. The distances x,(0,t) of horizontal infiltration, x2(0,t) of 
vertical-down infiltration, and x3(6,t) of vertical-up infiltra- 
tion from a cross section of the inlet of water were measured 
with time using gamma-beam equipment. 


° ° > ° 
io w P a 
l 


Volume water content 8 (cm? cm-*) 
So 
az 


Distance x; (cm) 


Figure 2.20 Moisture profiles during horizontal, vertical-up, and 
vertical-down infiltrations. (Data from Miyazaki, T., Nielsen, D.R., 
and MacIntyre, J.L., Hilgardia 52(6):1—24 (1984). With permission.) 
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It is confirmed by Figure 2.20 that in case of horizontal 
infiltration, the distance x,(6,t) where a designated water 
content locates in proportional to the square root of time 


x1(0,t) = poe’? (2.60) 


where ¢(6) is a function of 6 only. Discrepancies between x, (0, t) 
and x2(6,t) and those between x,(6,t) and x3(6,t) are attributed 
to the effect of gravity. Investigating Figure 2.20, it is likely 
that these discrepancies increase with time. Hence, as a first 
approximation, it is reasonable to assume that 


xə(0, t) — x1(0,t) = x(t 


2.61 
x1(0, t) — x3(0, t) = x(0)t f l 


where y is a function of 0. Philip (19) proved theoretically that 
the error included in this first approximation (2.61) is propor- 
tional to ¢?/2. Instead of Equation (2.61), he gave a second 
approximation by 


x9(6, t) — x1 (0, t) = L(t + WP 


2.62 
x10, t) — x3(0, t) = (At — YOt : 


where y is a function of 0. Philip (20) proved theoretically that 
the error included in this second approximation (2.62) is pro- 
portional to ¢? and gave a third approximation as 


x9(6, t) — x1 (0, t) = y(A)t + WOP + AOE 


2.63 
x4(0, t) — x3(0, t) = x(t — POZ + AO 


where w is again a function of 0. By continuing the evaluation 
of errors included in the revised approximations, he obtained 
the more precise approximations 


x9(0,t) = AO! + x(t + WOP + we? + --- 


2.64 
x3(0,t) = OL — XO + MO — AOH- ee 
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These series, known as Philip’s solution, in fact, give the 
approximate solutions for nonlinear partial differential equa- 
tions (2.57) and (2.58), respectively. 

Integration of x2(0,t) gives the cumulative infiltration J of 
vertical-down infiltration, 


Oo 
1) = | x9(0, t)dé (2.65) 
6; 


and differentiation of Equation (2.65) by ¢ gives the infiltra- 
tion rate 1, 


i = — 2.66 

=E eo) 
Substituting the approximation for vertical-down infiltration, 
Equation (2.64), into Equation (2.65) and differentiating it 
with time ¢, the infiltration rate is transformed into 


{1/2 
i = — S +i (2.67) 
2 
where S is the sorptivity, 
0o 
şe if (0) d9 (2.68) 
6; 
and i, is 
Ao 341/2 00 
le =v (A) a+ | Y0) dð +- (2.69) 
0i 0i 


Equation (2.67) is Philip’s infiltration rate. Examples of the 
values of ¢, x, and w of Hanford sandy loam, calculated from 
Figure 2.20, are shown in Figure 2.21. 

By integrating x,(0,t) and x3(6,t) from 0; to 09, respect- 
ively, in the same manner as in Equation (2.65), cumulative 
infiltrations and infiltration rates of horizontal and vertical- 
up infiltrations are also calculated. Although the applicability 
of Philip’s method is restricted to particular initial and bound- 
ary conditions and to uniform soils, it provides useful analyt- 
ical solutions for infiltration. 
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Figure 2.21 ¢, x, and 7 values of Hanford sandy loam, calculated 
from Figure 2.20. (After Miyazaki, T., Nielsen, D.R., and MacIntyre, 
J.L., Hilgardia 52(6):1—24 (1984). With permission.) 


4. Inverse Analysis of Infiltration by Using 
Philip’s Solution 


Generally, the inverse analysis provides the estimation of 
unknown input parameters from measured experimental val- 
ues. Philip’s solution of infiltration is capable of estimating 
the unknown parameters such as soil water diffusivity D(0) 
and unsaturated hydraulic conductivity K(@) from measured 
values of x;(6,t), x9(6,t), and x3(6,f). 

Philip (19,20) derived the relation between coefficients 
(0), x(@) and parameters D(@), K(0) as 


4 dé 
dð = -2D — (2.70) 
py a 
and 
0 1 dy 6 
dd=K-K; =. <* do (2.71) 
[ x 2 dé Ja 6 
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where K; is the unsaturated hydraulic conductivity for the 
initial water content 6;. When the soil is initially air dried, 
the value K; is negligibly small. If we determine the values of ¢ 
and y as functions of 0 from measured values of x1, x2, and xs, 
the unknown parameters D and K may be estimated by these 
two equations. 

Miyazaki et al. (21) first determined the value of ¢ from 
Equation (2.60) directly. The value y was approximated by 
using Equation (2.64) as 


where s is the error caused by the truncation of terms below 
the fourth. The value of y, which is not used in this inverse 
analysis, was also approximated by 

Sot tg — 2x1 ; 


en ye (2.73) 


where <’ is again the error caused by the truncation of terms 
below the fourth. Figure 2.21 was thus obtained. 

Figure 2.22 is the resultant unsaturated hydraulic con- 
ductivities of (a) Hanford sandy loam, (b) Yolo light clay, (c) 
Monona silt loam, and (d) Ida silt loam. The independently 
measured unsaturated hydraulic conductivities are also plot- 
ted in these figures showing good agreements with predictions 
by this inverse analysis. 


IV. STEADY WATER FLOW IN SOILS 
A. Steady Flows in Fields 


The steady state of water flow is defined as the state where 
water is moving continuously without storage or consumption 
in the soil. Generally, saturated flows in groundwater and in 
vadose zones whose suction is less than the air entry value are 
regarded as steady flow provided that the boundary condi- 
tions for flow do not fluctuate practically. Continuous verti- 
cal-down water flows under ponded water at land surfaces, 
and lateral flows of groundwater are typical steady flows in 
the field. 
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Figure 2.23 Steady upward flow of water during evaporation 
from land surface. 


A completely steady flow in unsaturated soil is generated 
only in the laboratory, where the boundary conditions of 
flow are flexible. Flows of water in unsaturated soils are 
almost always in unsteady states in natural fields due to the 
changes in boundary conditions for the flows, the changes in 
water storage in soil pores, and the consumption of soil water 
by plant roots. The land surface, which is always subject to 
meteorological fluctuation, is a typical changeable boundary 
condition for flow in unsaturated soil. 


B. Steady Upward Flow 


Gardner (22) showed some steady-state solutions for the un- 
saturated water flow equation with applications to evapor- 
ation from a groundwater table, as illustrated in Figure 
2.23, where a steady upward flow of water, designated 
q, occurs from the water table to the land surface. The evap- 
oration rate E at the land surface is assumed to be constant. 
Darcy’s law for this flow is given by 
dwn 

q= K( de +1) (2.74) 
where q is the steady upward flux of water whose value is 
equal to E and the matric head Ym is a function of the height z. 
Integration of z from 0 to Ym yields 
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Yo dim 
F= (2.75) 
| 1+q/K 
Gardner (22) solved Equation (2.75) by utilizing the function 
a 

K = — 2.76 

( = Win)” + b Á ) 

in which n = 1, 3, 2, 3, and 4, and utilizing another function, 
K =a explcym) (2.77) 


where a, b, and c are empirical parameters. 
As an example, let us chose n = 2 in Equation (2.76). The 
denominator in Equation (2.75) is then given by 


q _ 2 
1 te B+ a2 (2.78) 


where 
a=? and 8=1+qab 


and the solution is given by 
a2 
z= (ab)? arctan - (5) 3 (2.79) 


The value of n in Equation (2.76) is different for each soil. 
Roughly speaking, n is about 2 for clayey soils, about 3 for 
loamy soils, and increases with soil particle size. 

When we chose n = 3, the integration of Equation (2.75) 
yields 


ıfı (y- Ym) o1 (24m — 7) 
“a i $ (a + Wm + 7) co are | 
(2.80) 


where a displacement 7? = 3/a was used. When we chose n = 
4, the integration yields 
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E fy (YR vB gw 
2V2ar3/4 |2 (Y2 + V2vmr 4 + 71/2 


+ arctan (2.81) 


apar 


T2 — y? 
where a displacement 7 = 3/a was used. 


Example Illustrate the matric head distribution under the 
steady evaporation rate of 1 mm day! from a bare loam soil 
surface when the groundwater level is —17 cm and the hy- 
draulic parameters aren = 2,a=1.8x 10-4, and b = 1.8in 
Equation (2.76). 


Since the upward steady flux q, equal to the steady evapor- 
ation rate, is 1.16 x 107 cm s™t and since the values of 
parameters a and ß are easily obtained, Equation (2.79) re- 
sults in 


zZ 


The matric head distribution is given in Figure 2.24. 


Solutions to the steady flow equation (2.75) in a clay soil 
and in a loam soil calculated by Hasegawa (23) are shown in 
Figure 2.25, where the unsaturated hydraulic conductivity K 
(cm s +) of clay soil was approximated by 


1. 10-4 
_ 18 au 0 (2.82) 
( ~~ Wm) + 1.8 
and that of loam soil was approximated by 
í (2.83) 


~ (= Ym)? + 2300 


Figure 2.25 shows solutions for loam soil when the evapor- 
ation rates are 3, 6, and 10 mm day’, respectively, and for 
clay soil when evaporation rates are 1, 3, and 6 mm day‘, 
respectively. For example, to generate a steady evaporation 


rate of 3 mm day +, the depth of the groundwater table must 
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Figure 2.24 Matric head distribution under the steady evapor- 
ation of 1mm day~?. 
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Figure 2.25 Solutions of Equation (2.75) for steady upward flow 
in loam (upper three curves) and in clay (lower three curves). (After 
Hasegawa, S., Soil Phys. Cond. Plant Growth Jpn. 53:13-19 (1986). 
With permission.) 
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be less than about 150 cm in loam soil and less than about 15 
cm in clay soil. Within these ranges, the matric heads at any 
depth from the water table to the soil surfaces are given by 
solving Equation (2.75) under steady-state conditions. If the 
depth of the groundwater table exceeds these limitations, 
transient evaporation will be generated instead of steady 
evaporation. 

Integration of Equation (2.74) can be carried out not only 
from z = 0 to z but also from an arbitrary z value to another z 
value. Willis (24) analyzed steady evaporations in layered 
soils using this character of integration. 


C. Steady Downward Flow 


Steady downward flow of water is also described by Darcy’s 
law, Equation (2.74), provided that q is negative in the space 
where z is positive upward. Raats (25) discussed the general 
features of the integration (2.75) for steady downward flows. 
Srinilta et al. (6), on the other hand, analyzed steady down- 
ward flow in a two-layer soil by integrating Equation (2.74) in 
each layer. Warrick and Yeh (26) and Warrick (27) reviewed all 
the numerical approximations concerned with the integration 
method. 

Figure 2.26 is the solution of steady downward flow in a 
uniform loamy sand (a) and in a layered loamy sand sand- 
wiching a gravel layer (b). The solutions agreed well with the 
corresponding experimental values plotted in the figure. The 
matric head profiles can be transformed into water content 
profiles by using moisture characteristic curves, see Figure 
1.8, resulting in Figure 2.27(a) and (b). 

In a deep uniform soil or in a very thick subsoil in a 
layered soil, the upper part of the matric head profiles in the 
subsoil are vertical straight lines under steady downward 
flow. The greater the downward flux, the longer the zone of 
vertical straight line of matric head profile, as shown sche- 
matically in Figure 2.28. This is the reason that we often 
recognize vertically constant matric head profiles in the sub- 
soil of paddies, where ponded water is percolating downward 
through a relatively impermeable topsoil layer. Readers are 
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Figure 2.26 Solutions of Equation (2.75) for steady downward 
flow in (a) a uniform sandy loam and (b) a layered sand loam 
sandwiching a gravel layer. 


referred to the book published by Iwata et al. (18) for further 
details on the downward percolation of water in paddies. 


V. TRANSIENT WATER FLOW IN SOILS 
A. Evaporation 
1. Fundamental Pattern of Evaporation 


Evaporation from soil induces upward soil water movement 
directed toward the evaporating surface. The maximum evap- 
oration rate (i.e., potential evaporation rate) is dominated by 
such conditions as temperature, relative humidity, and wind 
velocity, while the maximum upward flux of soil water is 
dominated by the hydraulic properties of soil, such as unsat- 
urated hydraulic conductivity and the water potential gradi- 
ent in the soil. The actual evaporation rate is determined by 
both the external evaporativity and the hydraulic properties 
of the soil. 
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Figure 2.27 (a and b) Soil moisture profiles converted from Figure 
2.26. 
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Figure 2.28 Matric head profiles in deep soil with a small down- 


ward flux and a large downward flux. 


The fundamental evaporation-rate pattern is composed 
of the following three stages: the constant-rate stage, where 
the evaporation rate does not change with time; the first 
falling-rate stage, where the evaporation rate decreases with 
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time linearly; and the second falling-rate stage, where the 
evaporation rate decreases with time exponentially. Figure 
2.29 shows examples of these three evaporation-rate stages 
from a wet soil under various atmospheric conditions. The 
initial volumetric water content was 0.41 cm? cm °. When 
the potential evaporation rate was high (temperature of 
30°C and relative humidity below 40%), the terms of the 
constant-rate and first falling-rate stages were short and 
quickly proceeded to the second falling-rate stage. When the 
potential evaporation rate was medium (temperature of 20°C 
and relative humidity below 60%), the constant-rate-stage 
term increased, followed by those of the first and second 
falling-rate stages. When the potential evaporation rate was 
low (temperature of 20°C and relative humidity below 80%), 
the term of the constant-rate stage was prolonged even more, 
followed by those of the first and second falling-rate stages. 

The matric head of soil water at the turning point from 
the constant-rate stage to the first falling-rate stage and that 
from the first falling-rate stage to the second falling-rate stage 
are determined by the potential evaporation rate and hy- 
draulic properties of the soil. The matric head at the turning 
point from the constant-rate stage to the first falling-rate 
stage is generally about —10 m under field conditions. 


Potential evaporation rate is: 
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Figure 2.29 Actual evaporation rates under different potential 
evaporation rates. (After Nakano, M., Miyazaki, T., and Maeda, 
S., Soil Phys. Cond. Plant Growth Jpn. 58:30—39 (1988). With per- 
mission.) 
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2. Transient Water Flow in the 
Constant-Rate Stage 


Roughly speaking, when the evaporation rate E is much less 
than the unsaturated hydraulic conductivity of surface soil 
Ko, constant-rate evaporation is likely to occur. Nakano (29) 
analyzed the transient upward flow of water in the constant- 
rate stage using the condition 


E «Ko (2.84) 


The one-dimensional vertical flow equation is given by the 
continuity condition of flow 
o0 -O0Gz 
ðt —- Oz 
where qz is the vertical flux given by Equation (2.4). Defining 
a new variable ¢ by 


aq: ð OH 
(=F -2| «() (2.86) 


(2.85) 


where H is the hydraulic head (= Ym + z), Equation (2.85) is 
transformed into the well-known first-order partial differen- 
tial equation 


t= =0 (2.87) 
This is a kinematic wave equation with the propagation vel- 


ocity & Solution of the equation (see the appendix to this 
chapter) 


° -=c (2.88) 
yields 
t+A)X -z=B (2.89) 


where A and B are integral constants. Substituting Equation 
(2.86) into Equation (2.89) and integrating, we obtain 
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0H (2+ B\0+C) 


ðz  K(t+A) (2:20) 


where C is a constant of integration. 
Nakano (29) solved Equation (2.90) under the initial and 
boundary conditions 


0 t=—0, z=0 
H > ’ 
at 0 220 (2.91) 


where z is zero at the soil surface and L is the depth of soil. 
Determining the constants of integration in Equation (2.90) 
from the conditions (2.91), the solution is rewritten as 


Om _ 4 E L+z H2,t) — 02,0) 


Oz Ko L 00,t) — 60,0) eee) 


By using assumption (2.84), the second term of Equation 
(2.92) is eliminated, resulting in 


OUm 

Oz 
Nakano (29) estimated that this assumption is applicable 
when the condition 


E, < Ko/5 (2.94) 


=1 (2.93) 


is satisfied, where E, is the potential evaporation rate. 

Figure 2.30 shows the change of matric head profile dur- 
ing constant-rate evaporation obtained by solving Equation 
(2.93). Note that all the profiles have the same gradient in this 
situation. The change in moisture profile is also calculated by 
converting the solution of Equation (2.93) into soil water con- 
tent. Nakano (29) approximated a soil moisture characteristic 
curve by 


Ym = —expla — b0) (2.95) 
where a and b are the empirical constants of soil. Figure 2.31 


shows the measured moisture profiles and the theoretically 
predicted profiles. The agreement among these profiles is 
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Figure 2.30 Change of matric head profile during constant-rate 
evaporation. 
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Figure 2.31 Measured and predicted moisture profiles under con- 


stant-rate evaporation. (After Nakano, M., Soil Sci. 124(2):67—72 
(1977). With permission.) 


excellent. When condition (2.94) is not satisfied, the theoret- 
ically predicted profiles of matric heads and water content will 
gradually deviate from the experimental values. Upward flow 
of water during constant-rate evaporation is thus character- 
ized by relatively large unsaturated hydraulic conductivities 
of soils and by linear profiles of matric heads in soils. 
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3. Transient Water Flow in the Falling-Rate Stage 


Nakano et al. (28) showed typical changes in water content 
profiles during evaporation from sandy loam packed in col- 
umns 14-cm long (Figure 2.32). The temperature was 20°C 
and the relative humidity was 65%. When the initial water 
content was 0.52 cm? cm~®, constant-rate evaporation con- 
tinued for about 10 days and was followed by a falling-rate 
stage, as shown in Figure 2.32(a). When the initial water 
content was lower, the constant-rate stage finished earlier 
and the falling-rate stage started sooner, as shown in Figure 
2.32(b) to (d). 

During constant-rate evaporation, unsaturated hy- 
draulic conductivity of the soil decreases due to the lower 
water content. When the unsaturated hydraulic conductivity 
is less than about E,/5, a large matric head gradient appears 
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Figure 2.32 Changes in moisture profiles during falling-rate 
evaporation. The initial volumetric water contents are 
0.52cm®cm~? (a), 0.29cmêcm™? (b), 0.23cm?cm™* (c), and 
0.13cm*cm~? (d), respectively. (After Nakano, M., Miyazaki, T., 
and Maeda, S., Soil Phys. Cond. Plant Growth Jpn. 58:30-39 
(1988). With permission.) 
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in the vicinity of the soil surface in order to supply water 
within the soil to the evaporating surface; at the same time, 
the evaporation rate decreases gradually. This decrease cor- 
responds to the first falling-rate stage. When the upward flow 
of water is less than evaporation rate E, drying of surface soil 
occurs before long and the evaporation rate decreases rapidly, 
which corresponds to the second falling-rate stage. The evap- 
oration rate decreases with time due to the increased thick- 
ness of the drying zone, until a mass balance between the 
evaporation rate and the upward water flux is attained in 
the soil. When a drying zone is formed in the soil, the location 
of the evaporation surface moves down from the soil surface to 
the bottom of the drying zone. Within the drying zone, upward 
vapor flow becomes predominant. The water content of the 


drying zones in Figure 2.32 was about 0.04 cm? cm~®. 


B. Redistribution 


After a halt in infiltration from the land surface, infiltrated 
water moves continuously downward in the soil. This down- 
ward flow is termed redistribution or, more suitably, drainage 
stage. Figure 2.33 shows the change in matric head profile 
during redistribution after a halt in infiltration (30). The 
matric head in the upper part of the wetted zone is high just 
after the halt in infiltration, but soon decreases. The matric 
head around the wetting front is low but increases gradually. 
The matric head gradient in the wetted zone is close to but 
larger than —1 cm cm™1, while it is positive and large around 
the wetting front. Since the composition of matric head gradi- 
ents and gravity are both driving forces of water flow, a small 
amount of downward flow in the wetted zone and a large 
amount of downward flow around the wetting front take 
place during redistribution. 

Figure 2.34 shows soil moisture profiles during redistri- 
bution corresponding to the matric heads profiles given by 
Figure 2.33. The final soil moisture profile is an equilibrium 
distribution. 
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Figure 2.33 Gradual change of matric head profile during redis- 
tribution after a half in infiltration. (From Vachaud, G., and Thony, 
J.L., Water Resour. Res. 7(1):111—-125 (1971). Modified in Nakano, 
M., Transport Phenomena in Soils, University of Tokyo Press, Tokyo 
(1991). With permission.) 
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Figure 2.34 Gradual change of moisture profile corresponding to 
Figure 2.33. (From Vachaud, G., and Thony, J.L., Water Resour. Res. 
7(1):111-125 (1971). Modified in Nakano, M., Transport Phenomena 
in Soils, University of Tokyo Press, Tokyo (1991). With permission.) 
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C. Water Flow in Deep Soils 
1. Gravity-Predominant Flow (GPF) 


Soils in deep zones are always wetted in the region where 
annual precipitation exceeds annual evapotranspiration and 
where precipitation is evenly distributed through the year. In 
regions where annual precipitation is less than annual evapo- 
transpiration or in regions where dry and wet seasons are 
distinguished, the deep soil may either be dry or temporary 
wetted, according to the meteorological conditions. 

In fields where the deep zones are always wetted, the 
water fluxes are not necessarily small, even though changes 
in the water content are small in deep zones. This flow of 
water in deep zones is characterized by a GPF in which the 
matric potential gradients are negligible compared with grav- 
ity. The Buckingham—Darcy equation for GPF is obtained by 
eliminating the matric potential gradient term 0y,/0z from 
Equation (2.10) and by assuming that the unsaturated hy- 
draulic conductivity K is isotropic (K = K,), as is the propa- 
gation velocity 


q- = -K (2.96) 
and the continuity equation is given by 

00 OK 

De 2. 

BE Oz (2.97) 
or, alternatively, 

00 =. 00 

2? aae 2. 

ar + Ae 0 (2.98) 
where 

OK 
== 


We can visually provide the propagation velocity in deep soils 
as illustrated in Figure 2.35. Assume that small moisture 
increase zones, shown as a very small wave (a), which may 
be generated by giving a small pulse water at a land surface, 
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Figure 2.35 Gravity-predominant flows as a very small wave (a) 
and a very small step wave (b). 


and as a very small step wave (b), which may be generated by 
a little increase of sprinkling intensity at a land surface, 
are both moving down through the deep soil at the velocity 
of —dz/dt. It is required that these moisture increase zones are 
so small that the term of matric potential gradient 0W.,/0z in 
the Buckingham—Darcy equation is negligible. 

Since the right-hand side of Equation (2.98) is zero, the 
shapes of these waves are not transformed during the down- 
ward flows. If the right-hand side of Equation (2.98) is not 
zero, the shapes of any waves described by this equation will 
be transformed according to the function given in the right- 
hand side. 

Under this circumstance, the downward propagation vel- 
ocity —dz/dt can characterize the GPF in wetted deep zones. 
This velocity is mathematically given by 

dz OK 

i Oe (2.99) 
based on the method of characteristics as given in the appen- 
dix to this chapter. 
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Figure 2.36 Unsaturated hydraulic conductivity function in a 
normal axis. 


Figure 2.36 is a schematic of unsaturated hydraulic con- 
ductivity versus volumetric water content drawn in a plane of 
normal axes. Since the unsaturated hydraulic conductivity 
increases exponentially with water content, the gradient 
OK /0@ increases with water content, resulting in an increase 
in the absolute value of dz/dt with water content. 

The mathematical features of Equation (2.99) explain the 
physical properties of flow in deep soils. The left-hand side of 
Equation (2.99) designates the propagation celerity of the 
location of a given 0. This means that whenever moisture 
profiles move in soils, the velocity of each part of the profile 
is different and hence the shape of the profile changes with 
time. 


2. Wetting and Drainage in Deep Soils 


When a wetting front moves down in a deep soil where a GPF 
exists, the shape of the wetting front may change, as illus- 
trated in Figure 2.37, in which the greater the value of 6, the 
faster the location z(#) moves down. Consequently, the shape 
of the wetting front will become sharper, which is mathemat- 
ically identical to the result of a shock wave. On the other 
hand, when water is drained from soils, the shape of the 
moisture profile may change as illustrated in Figure 2.38, 
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Figure 2.37 Moisture profile during infiltration in a deep soil. 
(After Shiozawa, S., Unsaturated soil water flow as a mechanism 
of groundwater recharge, PhD dissertation, The University of Tokyo 
(1988). With permission.) 


where the profile is spread out more and more by the afore- 
mentioned characteristics of z(@) and dz/dt. 

Shiozawa and Nakano (31,32) investigated water flow in 
deep soils and simulated changes in matric head profiles and 
moisture profiles during a long-term drainage process by ap- 
plying the GPF concept. Figure 2.39 shows the simulation 
where the groundwater level was at a depth of 20 m. The 
reason for the decrease in the gradient of matric heads during 
this drainage is mentioned above. It is noted again that the 
gradient of matric head dy,,/dz exists in the deep soil zone but 
its value is negligibly small compared with 1. 

Infiltrations of repeated but separate rains in a field are 
regarded to be rain pulses applied to the land surface. In this 
case water flows down by wetting the deeper soil and draining 
the upper soil because the water supply at the soil surface is 
tentative. When another, heavier rain is added separately 
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Figure 2.38 Moisture profile during drainage from a deep soil. 
(After Shiozawa, S., Unsaturated soil water flow as a mechanism of 
groundwater recharge, PhD dissertation, The University of Tokyo 
(1988). With permission.) 


from the land surface, the new wetting front is superimposed 
on the former wetting front, due to the aforementioned 
features of z(0) and dz/dt. Figure 2.40 shows the moisture 
profiles simulated by Shiozawa (32). Figure 2.40(a) is the 
profile 7 days after the first rain, and Figure 2.40(b) is 
the profile 8 days after the first rain and 1 day after the second 
rain, where the new wetting front is catching up with the 
earlier wetting front. Figure 2.40(c) is the profile 12 days 
after the first rain and 5 days after the second rain, where 
the old wetting front was superimposed by the new wetting 
front. Figure 2.40(d) is the profile 22 days after the first rain, 
when the superimposed wetting front reached the ground- 
water. This is the reason why the frequency of a rise in 
the groundwater level is less than the frequency of rain at 
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Figure 2.39 Simulated profiles of matric head and water content 
in a deep soil where gravity-predominant downward flow exists. The 
numbers 0 to 6 refer to 0.0, 6.3, 27.0, 65.0, 131, 223, and 530 days, 
respectively, after the start of drainage. (After Shiozawa, S. and 
Nakano, M., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 92:35—-42 
(1981). With permission.) 
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Figure 2.40 Superimposition of preceding wetting front by a new 
wetting front in gravity-predominant flow. (After Shiozawa, S., Un- 


saturated soil water flow as a mechanism of groundwater recharge, 
PhD dissertation, The University of Tokyo (1988). With permission.) 
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the land surface. The GPF concept proposed by Shiozawa (32) 
is thus an important and promising theory in the understand- 
ing of water flow in deep soils. 


3. Moisture Profile Velocity and Mean Pore 
Water Velocity in Deep Soils 


Anderson and Sevel (33) measured periodically tritium and 
soil moisture profiles in the unsaturated deep zone at a site 
covered with fine to medium sand and gravels in Denmark. 
The groundwater level was about 22 m and the mean precipi- 
tation was 780 mm per year. Figure 2.41 shows the monthly 
changes of soil moisture profiles where temporal water in- 
creasing zones are in black color. These zones, typically start- 
ing at October from the land surface, are moving down at 
the velocity about 3 to 3.5 m monthly. On the other hand, 
the mean pore water velocity, defined by the mean substantial 
water velocity in soils, obtained separately by measuring the 
downward movement of tritium concentration profiles in the 
same soil zone was 0.375 m per month. 

Applying the GPF concept, the propagation velocity dz/dt 
of this soil moisture profile is thus estimated to be 3 to 3.5 m 
per month. On the other hand, the materials resolved in soil 
water are moving down at a velocity of about 0.375 m per 
month, since they are moving with substantial pore water. 
The relation between moisture profile velocity and mean 
pore water velocity in deep soils is significant in environmen- 
tal issues such as soil and groundwater contamination. 

The mean pore water velocity, v, taken positive upward, 
is defined by 


a2 2.100 
ae: ( ) 
where 0 is the volumetric water content and q is the flux. Since 
the actual pore water velocity has a velocity distribution in 
each pore, v is regarded to be an averaged or apparent velocity. 
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When the flux of GPF is given by Equation (2.96), the mean 
pore water velocity is given by 


v= 7 (2.101) 
It should be noted that the propagation velocity ¢ is the speed 
of shifting the moisture profile, while the mean pore water 
velocity is the speed of water itself. 

If the unsaturated hydraulic conductivity is approxi- 
mated by 


K =a% (2.102) 
then the A velocity is given by 
K 
= 2.1 
Sea = (2.103) 


Referring to Equation (2.101), the value of the right-hand side 
of Equation (2.103) is b times as high as that of the mean pore 
water velocity v. This means that in GPFs the profiles advance 
b times as fast as pore water advancement. The values of b for 
several natural soils are shown in Table 2.2 in which the 
values are ranged from 3.3 to 11.9. The larger the value of b, 
the larger the discrepancy between mean pore velocity and 
propagation velocity. This is why the downward advancement 
of isotopically labeled water is considerably behind that of the 
advancement of moisture profile in deep soils (33). 


Table 2.2 Values of b for Several Soils 


Saturated hydraulic 
Soils conductivities (ems~!) b Values References 
Yolo light clay 7.4 x 107° 8.7 34 
Silty clay loam 2.0 x 10-4 7.7 34 
Sand 1.7 x 10°? 35 34 
Sand 1.9 x 10? 3.3 35 
Guelph loam 3.7 x 107? 11.9 35 
Cecil Sandy loam 2.0 x 10-3 10.1 35 
Toyoura sand (washed) 1.4 x 107? 4.1 Unpublished 


Clay loam 2.2 x 107° 9.1 Unpublished 
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Example Explain the applicability of the GPF concept to 
the observed moisture profile velocity and the mean pore 
water velocity by Anderson and Sevel as shown in Figure 2.41. 


The downward moisture profile velocity is 3 to 3.5 m per 
month, and the mean pore water velocity is 0.375 per month. 
The former is eight to nine times more than the latter. Taking 
into account that the texture of soil is fine to medium sand and 
referring to Table 2.2, this value reasonably agrees with value 
of b or a little larger than the values of b for sand. Assuming 
that the value of b for fine sand is close to that of sandy loam, 
the GPF concept seems to be acceptable for this actual case. 


4. Limitation of the Gravity-Predominant 
Flow Concept 


The applicability of the GPF equation (2.97) is limited in the 
zones where the effects of matric head gradients are negli- 
gible. Water flow near land surfaces is always affected by rain 
infiltration, evaporation, and extraction of water by plant 
roots, all of which cause high values of matric head gradients 
near land surfaces. The matric head in soil near groundwater 
tends to equilibrate with the groundwater and hence has a 
matric head gradient of about —1, which is no longer negli- 
gible. Therefore, the GPF concept is not applicable to water 
flow in soils near the land surface and near groundwater. 


APPENDIX: METHOD OF CHARACTERISTICS 


Assume that a physical variable u is defined by position z and 
time t, and when u(z, t) is determined by the first-order partial 
differential equation 


Ou Ou 
— —— 2.104 
a tS Be Ft ea) 


where ¢ and f are functions of z and t. The total differential of 
u(z,t) is given by 
_ Ou Ou 


du =z 2% +a, a (2.105) 
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and the differential of Equation (2.105) with ¢ yields 
ðu Oz Ou _ Ou 
at ðt Oz ðt 
Comparing Equations (2.104) and (2.105), it is recognized that 
the propagation celerity dz/dt is given by 
dz 
as 
Equation (2.107) is the characteristic curve on which a dis- 


turbance proceeds in the z-t plane. Integration of Equation 
(2.107) yields 


z+B=C(t+A) (2.108) 


(2.106) 


(2.107) 


where A and B are constants of integration. The solution of 
Equation (2.104) is therefore equal to the solution of 


SZF (2.109) 


on the characteristic curve (2.107). The solution of Equation 
(2.109) on Equation (2.107) is called a kinematic wave, and 
when f = 0, the wave proceeds in the velocity ¢ without 
changing the shape of the wave. 
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90 Water Flow in Soils 
I. REFRACTION OF FLUX 


Fluxes of water in soils change their magnitudes and direc- 
tions depending on spatial variability of the hydraulic proper- 
ties of soils. When hydraulic properties vary continuously 
with position in soils, the directions of streamlines may be 
curved. When hydraulic properties vary discontinuously 
with position in soils, the streamlines may be refracted at 
the boundaries between regions of different hydraulic proper- 
ties. These curvings and refractions of streamlines occur not 
only in saturated soils but also in unsaturated soils. In layered 
soils, for example, both saturated and unsaturated hydraulic 
conductivities are usually different in each layer (1), resulting 
in refractions of fluxes of water at the boundaries of the 
layers. 

Thus, refraction of fluxes influence several kinds of soil— 
hydrological processes: groundwater flow in heterogeneous 
soils (2,3), lateral flow of water during vertical percolation in 
layered soils (4), surface and subsurface water flow in slopes 
(5,6), and anisotropy of flow in saturated or unsaturated soils 
(6,7). As will be shown later, refraction of flux is not signifi- 
cant in one-dimensional water flow but is essential in two- or 
three-dimensional water flow in soils. In this chapter, two- 
dimensional refraction of water flow is described to provide a 
clear and simple example of refraction. 


Il. THEORY OF REFRACTION OF FLUX 


von Kirchhoff (8) derived the refraction law of electric current 
crossing a boundary of different materials in a plane. Dachler 
(2) applied this law to groundwater flow and Raats (9,10) 
applied it to water flow in unsaturated soils. It is important 
to note that this refraction law of flux has nothing to do with 
the well-known refraction law of light, Snell’s law, at the 
boundary of two materials of different refractive indexes. 
Figure 3.1 shows the refraction of flux at the boundary of 
regions 1 and 2, respectively, having different hydraulic con- 
ductivities Kı and Kə. The incidence angle of the incidence 
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Figure 3.1 Refraction of flux of water at the interface of two 
regions. 


flux qin is a and the refraction angle of the refraction flux qref 
is 3. The mass balance of the flux at the interface is deduced 
by equalizing the influx into plane AB and the outflux from 
plane AB on the interface. Denoting the hydraulic head at 
point A by H and that at point B by H + AH, equihydraulic 
head lines are drawn normally to qin in region 1 and to qre in 
region 2, as shown by dashed lines in Figure 3.1. The distance 
between these two equihydraulic head lines in region 1 is 
denoted as Anı and that between those in region 2 is denoted 
as Anz. The mass balance equation is then given by 


GinAB cos a = drefAB cos 8 (3.1) 


When a is zero, must be zero based on this formula. This is 
the reason we deal with the vertical downward or upward 
water flow in horizontally layered soils without considering 
refraction. 

Using Darcy’s law, the fluxes qin and grep are written as 


AH 
din = im) K (3.2) 
nı 
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dref = Kiln) AE (3.3) 
12 


where Kı(Ym) and Ko(ym) are the hydraulic conductivities of 
the upstream and downstream soil layers, respectively, Ym is 
the matric head of water at the interface, and H is the hy- 
draulic head at the interface. Raats (10) pointed out that these 
conditions are mathematically a jump condition. Substitution 
of Equations (3.2) and (3.3) into Equation (3.1) yields 


Kim) tana 
Kolm) tang’ 


where the geometrical relations An; =AB sina and 
Anz = AB sin 8 are used. When the incidence angle a is 
zero, Equation (3.4) is not applied and the flow will conform 
to Equation (3.1). Total reflection, general in the refraction 
of light, does not occur in the refraction of flux, because the 
critical angle, which is defined as the least incidence angle to 
make the refraction angle more than 90°, is less than 90°. 

In saturated soils, since the left-hand side of Equation 
(3.4) is constant, the refraction angle 8 is determined by the 
incidence angle a only. In unsaturated soils, on the other 
hand, since the left-hand side of Equation (3.4) is the function 
of the matric head Ym at the boundary, the refraction angle 8 
is a function of both a and ym. In the case of unsaturated soils, 
the left-hand side of Equation (3.4) ranges from very small to 
very large values, due to the rapid changes in the unsaturated 
hydraulic conductivities of soils with Ym. Figure 3.2 shows 
examples of unsaturated hydraulic conductivities of sand 
and fine beads (whose average particle size is 0.05mm) as 
functions of Ym. Even though the saturated hydraulic con- 
ductivity of sand is larger than that of fine beads, the unsat- 
urated hydraulic conductivity of fine beads exceeds that of 
sand when the matric head is less than —45cm. If a flux of 
water crosses the contacted boundary from fine beads into 
sand, the refraction angle 3 may be larger than the incidence 
angle a when the boundary is so wetted that Ym is more than 


0<a<90° (3.4) 
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Unsaturated hydraulic conductivity (cm s71) 


0 40 -80 -120 
Matric head (cm) 
Figure 3.2 Unsaturated hydraulic conductivities of sand and 


fine beads. (After Miyazaki, T., Soil Sci. 149:317—319 (1990). With 
permission.) 


—45 cm, but @ may be smaller than a when the boundary is so 
dry that Ym is less than —45 cm. 

Figure 3.3 shows the theoretical relation of refraction 
angles and incidence angles as functions of the parameter 
Kı(Ym)/K2(Ym), whose values are indicated in the figure. 
Note that when the value of K,/Ko is either very large or 
very small, extreme refraction may occur. For example, if an 
incidence angle a of flux is 30° at an interface where the value 
of Kı/Kə is 0.01, the refraction angle 8 is given by 


GB = tan 1(100 x tan 30°) = 89.0° (3.5) 


It is rather common to find such layers with interfaces be- 
tween different types of soils, as exemplified here in fields. 
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Figure 3.3 Theoretical relation of refraction angles and incidence 


angles. (After Miyazaki, T., Trans. Jpn. Soc. Irrig. Drain. Reclam. 
Eng. 152:75—82 (1991). With permission.) 


Il. JUMP CONDITION 


Raats (9,10) showed that the refraction law of fluid at the 
interface between two porous media having different hy- 
draulic properties is described mathematically in terms of 
jump conditions. In the vector field, shown in Figure 3.4, the 
flux crossing the interface at s is given by q(s) and its com- 
ponent in the direction normal to the interface is given by 


dn(s) = q(s) - n(s) (3.6) 


where n(s) is the unit vector normal to the interface. 
The jump condition is given by 


Qn(s_) — qn(st) = 0 (3.7) 


where q,,(s_) and q,,(s*) denote the limits of g,, when the point 
s approaches from the upstream side to s and from the down- 
stream side to s, respectively. Contrary, the nonhomogeneous 
jump condition is given by 
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Figure 3.4 Jump condition on an interface s. 


qns) — Qn(st) =f (3.8) 


where f is the source function on the interface (9). Except for 
special cases such as those of sources at the interface, we can 
apply the jump condition (Equation (3.7)) to water flow cross- 
ing the interface of two different soils. 

Becker et al. (13) introduced the jump condition men- 
tioned above to the variational boundary-value problems and 
gave a mathematically important suggestion: when we solve 
two-dimensional elliptic boundary-value problems numerica- 
lly with finite element approximations in a domain consisting 
of a variety of materials, the jump terms at the interfaces do 
not require special attention. The reason that we may exclude 
the jump condition in the finite element method is described 
briefly in the appendix of this chapter. 

On the other hand, in analytical solutions and finite 
difference methods, the jump condition is essential. In the 
analytical solution of flow equations, the jump condition at 
the interface between two domains must be regarded as a 
boundary condition of the given problem. In the finite differ- 
ence method, it is preferred that the shapes of the interfaces 
be simple lines and that the nodes coincide with the interface. 
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IV. VISUALIZATION OF REFRACTIONAL 
WATER FLOW IN LAYERED SOILS 


Several dyes are useful for visualizing the flow of water in 
soils (11). The required qualities of dyes for this purpose are as 
follows: (1) high distinguishability in soils, (2) high solubility 
in water, (3) low diffusivity in water, and (4) no sedimentation 
in water. When one needs to visualize flow over a long period 
without replenishing the dye, one more quality is desirable: 
slow dissolution in water. Aluminum powder, often used in 
hydraulics for the visualization of flow, is inadequate because 
the powder particles are too large to move freely within the 
soil pores. Table 3.1 shows typical dyes for the visualization of 
water flow in sand, together with their properties. Concen- 
trated milk is distinguishable in dark soil but not in light- 
colored soils such as sand. Fluorescein satisfies criteria (2) to 
(4) but is not distinguishable in sand. Both potassium per- 
manganate, most distinguishable but sedimenting somewhat 
in water, and methyl orange, preferable for quality but not 
distinguishable in light-colored soils, are recommended for 
visualization of flows in sand. 

Figure 3.5(a) shows a special device for the visualization 
of flows in saturated soils, and Figure 3.5(b) illustrates the 
same device used for the visualization of flows in unsaturated 
soils. Horizontal flat flows from the left-hand side to the 


Table 3.1 Typical Dyes to Visualize Water Flow in Sand and their 
Properties 


Molecular Molecular 


Dye formula weight Distinctness Dispersivity Remarks 
Potassium KMnO, 158.0 Good Small Demands 
permanganate skill 
Methyl orange C14Hı4N3 327.3 Medium Very small Demands 

NaO3S care 
Fluorescein Co9H 120g 332.38 Poor Small Demands 
skill 
Concentrated — — Medium Small Easy to 


milk treat 
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4.2 
(a) cm 


Figure 3.5 Device for the visualization of refractions of flow in (a) 
saturated and (b) unsaturated soils. 


right-hand side of the container are generated by keeping con- 
stant heads at both the upstream and downstream boundaries. 
Table 3.2 gives the experimental conditions, where S repre- 
sents sand; C, coarse beads; F, fine beads; and W, water. The 
saturated hydraulic conductivities of coarse beads (C) are 
6.86 x 10°! cm s~! (bulk density 1.56 gcm~®), that of sand (S) 


Table 3.2 Experimental Conditions for Visualization of Refractional 
Flow in Layer Model Soils 


Arrangement of Angles of Anisotropy 


Flow type Run number layers strips (°) coefficients U 
Saturated 1 S — 0 

2 S-C-S 0 27 

3 S-C-S 25 6.9 

4 S-F-S 25 —0.87 
Unsaturated 5 S-F-S 30 3.26 
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are 2.45 x 10°-2cms7! (bulk density 1.45 gcm™°), and that of 
fine beads (F) are 3.09 x 10-8cms~! (bulk density 1.52 gem 7°). 
Note that the saturated hydraulic conductivities of these three 
materials are different by an order of 1. In Table 3.2, the ex- 
perimental conditions are given by the arrangement of mater- 
ials. For example, S-F—S means an experimental run for a sand 
layer (S) in which a fine beads layer (F) is sandwiched. 

Generally, the trajectories of steady water flows are iden- 
tified with the streamlines. In the case of water flow in porous 
media, however, the microscopical flow of water has velocity 
distributions in each pore, as illustrated in Figure 3.6. Hence, 
the trajectories of flow should not be regarded as true stream- 
lines but should be regarded as the locus of the averaged flow 
of water. These trajectories are called colored streamlines in 
this book. Figure 3.7—Figure 3.11 show the visualized colored 
streamlines. 

Figure 3.7 represents the colored streamlines, visualized 
using potassium permanganate, in uniform sand. There is 
no refraction in the flow. Figure 3.8 shows that there is no 


Figure 3.6 Microscopical velocity distributions in each soil pore. 
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Figure 3.8 Colored streamlines in saturated sand—coarse beads— 
sand layer. 


refraction in a sand—coarse beads—sand layer when the inci- 
dence angle is zero. Figure 3.9 shows that there are refrac- 
tions at the boundaries of a sand—coarse beads—sand layer 
when the incidence angles are not zero. Figure 3.10 visualizes 
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Colored streamline 


Figure 3.9 Colored streamlines in saturated sand—coarse beads— 
sand layer. 
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Figure 3.10 Colored streamlines in saturated sand-fine beads- 
sand layer. 
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Figure 3.11 Colored streamlines in unsaturated sand-fine beads— 
sand layer. 


the refraction of fluxes in a sand—fine beads—sand layer where 
a lower permeable layer (F) is sandwiched obliquely and the 
incidence angles are not zero. Figure 3.11 shows the refraction 
of fluxes in an unsaturated sand—fine beads—sand layer. By 
fixing the matric head to —45cm at the left-hand side and 
—46cm at the right-hand side, a steady unsaturated water 
flow was generated in the container. It is noted that the 
refraction angles in the saturated sand-—fine beads—sand 
layer are smaller than the incidence angles (Figure 3.10), 
whereas the refraction angles in the unsaturated sand—fine 
beads—sand layer are larger than those of the incidence angles 
(Figure 3.11). This shows clearly the dependence of the refrac- 
tion relations on the matric head (Ym) at the interface, as 
mentioned above. 


V. VERIFICATION OF REFRACTION THEORY 
A. Experimental Verification 


The refraction law of water flux in soils has been taken for 
granted in classical groundwater flow theory and in the recent 
numerical analysis of two- or three-dimensional water flow, 
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but experimental proofs of the law in both saturated and 
unsaturated soils are scarce. 

Equation (3.4) is verified by measuring incidence 
angles a and refraction angles 8 in Figure 3.7—-Figure 3.11 
and by comparing the values of tan a/tan 3 with the values of 
Kı(Ym)/K2(Ym). Agreement of the value of tan a/ tan 3 with 
the value of Kı/Kə obtained independently at a given Ym value 
may give reasonable verification of the refraction theory. Hy- 
draulic conductivities of sand (S) and fine beads (F) as func- 
tions of the matric head, Ym, are given in Figure 3.2. By using 
the saturated hydraulic conductivities of sand and fine beads, 
2.45 x 10-? and 3.09 x 10-3 cm s“!, respectively, values of the 
ratio K,/Kyz in saturated soils are determined easily. When a 
flux of water passes the interface from sand to fine beads, the 
value is calculated by 


Kim = 0) 
KəlYm = 0) 


and when a flux of water passes the interface from fine beads 
to sand, the value is calculated by 


Kı (Ym = 0) 
KəlYm = 0) 


Figure 3.10 shows two successive refractions; the first is the 
refraction at the interface from sand to fine beads and the 
second is that from fine beads to sand. At the first interface, 
the average value of a (incidence angle) is 29° and the average 
value of @ (refraction angle) is 4°. The resultant value of 
tana/tan 3 is 7.93. At the second interface, the averaged 
values of a and 8 are 4° and 29°, respectively, and the resul- 
tant value of tana/tan 8 is 0.126. These two values are in 
excellent agreement with the values of Kı/Kə given above. 
Thus, the observation given here verifies the use of refraction 
theory in the saturated layered soils. 

Another example is shown in Figure 3.11, where five 
streamlines are visualized. The average values of a and 3 
are 17.6° and 53.3°, respectively, and tan a/tan £ is estimated 


= 7.93 


= 0.126 
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to be 0.235. On the other hand, the value of Kı/Kə is obtained 
from Figure 3.2 such that 
Ki(Wm = —45.5 cm) 


= 0.200. 
KGa eoun S 


Although the precise value of this quotient is hard to obtain 
due to the high sensitivity of the unsaturated hydraulic con- 
ductivity of sand to the matric head, the average value of 
tan a/tan 3 (0.235) is included in the range 0.2 to 0.6. This 
seems to be a reasonable verification of the use of refraction 
theory in the unsaturated layered soils. 


B. Verification of a Numerical Method 


The numerical method using two- and three-dimensional 
water flows in soils implicitly includes the refraction law, but 
again experimental verifications of such methods have been 
scarce. Therefore, the applicability of a numerical method of 
solving a flow equation implicitly, including the refraction law, 
is investigated here by comparing the solutions with the ex- 
perimental results shown in Figure 3.7—-Figure 3.11. 

A two-dimensional horizontal steady flow of water in 
soils is governed by the partial differential equation 
a 4 ð Om 


A KE Dy 


Ox 
where y, is the matric head and K(x,y) is the hydraulic 
conductivity, a function determined by the position (x,y). The 
boundary-value problem of the flow in the region shown in 
Figure 3.12, where the length is L, the width is D, and the 
width of sandwiched strip is S, is solved numerically by ap- 
plying Equation (3.9) with the boundary conditions (12) 


in = { Om x=0, 0<y<D (3.10) 


-lem, x=L, 0<y<D 


he 6 Farar J-i 72D 
Oy 
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Figure 3.12 Sizes of the soil container. 


for a saturated soil layer, and 


_ f-45em, x=0, 0<y<D 
tm= {apo x=L, O<y<D SED 
Ma _ 9, 0O<x<L, y=0, y=D 
Oy 


for an unsaturated soil layer. 

The finite element method may be a suitable method for 
solving this boundary-value problem because the interfaces 
of the soil layer domains are oblique and, fortunately, use of 
this method does not require that we pay special attention 
to the jump conditions at these interfaces, as mentioned above 
(13). The theoretical background on this subject is given in 
the appendix of this chapter. Figure 3.13 shows the equipoten- 
tial lines calculated every 0.05 cm with the traced streamlines 
in a sand-fine beads—sand layer (saturated), a sand—fine 
beads—sand layer (unsaturated), and a sand—water—sand 
layer (saturated). The streamlines obtained by the visualiza- 
tion experiments clearly intersect the calculated equipotential 
lines perpendicularly in all cases. This leads us to the conclu- 
sion that the numerical method demonstrated here is applic- 
able to the particular case of refractional flow presented 
above. 
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Figure 3.13 Numerical solutions of Laplace equation and visual- 
ized streamlines. (After Miyazaki, T., Trans. Jpn. Soc. Irrig. Drain. 
Reclam. Eng. 152:715-82 (1991). With permission.) 


VI. REFRACTION AND ANISOTROPY 
COEFFICIENT 


A. Anisotropy Coefficient in Saturated 
Layered Soils 


In layered soils, the inclusive saturated hydraulic conducti- 
vity is anisotropic, even if each layer is isotropic. Alterna- 
tively, the anisotropy of saturated soils is often explained by 
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a conceptual model composed of many thin parallel layers 
having different hydraulic properties. To evaluate the aniso- 
tropy of a layered soil as shown in Figure 3.14, the anisotropy 
coefficient, U, is defined (14) as 


(Kn) 


=R) 


(3.12) 


in which (Kn) is the average hydraulic conductivity in the 
direction parallel to the layers, given as 


1 i=n 
(Kn) =F Dee (3.13) 


and (K,) is the average hydraulic conductivity in the direction 
vertical to the layers, given as 


LAW A 
(Ky) -1(¥" z) (3.14) 


where L is the entire thickness of the soil layer, K; is the 
saturated hydraulic conductivity of each layer, and AZ; is 
the thickness of each layer. Thus, the anisotropy coefficient is 


1 i=n i=n AZ; 
U = 2 (S xaz) ; K, ) (3.15) 


i=1 


and is constant for a given saturated layered soil. 


4 
K: 1 | AZ. 1 
K AZ, 
L 
| K, | az, 


Figure 3.14 Schematic of layered soil. 
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B. Anisotropy Coefficient in Unsaturated 
Layered Soils 


Unsaturated hydraulic conductivities in each layer are func- 
tions of matric head or water content. Hence, the anisotropy 
coefficient given in a formula such as Equation (3.12) is not 
constant but depends on the distribution of matric head or 
water content. Mualem (7) derived the anisotropy coefficient 
for unsaturated soils by integrating the unsaturated hy- 
draulic conductivity of each layer as follows. 

The average unsaturated hydraulic conductivity in the 
direction parallel to the layers is defined as 


= > Kiln, KAZ, (3.16) 


and that in the direction normal to the layers is defined as 
-1 


i. AZ, 
(Ky) =L| S$ —— (3.17) 
2 Kiba KD 


where K;(Ųm, Ks) is the unsaturated hydraulic conductivity, 
Wm is the matric head, and K, is the saturated hydraulic 
conductivity of each layer. In layered soils, the saturated 
hydraulic conductivity K, is constant in each layer, but the 
unsaturated hydraulic conductivity K;(m,K,) depends on 
both Ym and K, in each layer. The anisotropy coefficient for 
unsaturated layered soils is then defined, in the same manner 
as Equation (3.15), as 


w=n AZ; 


Y Kiha Kat barra 


In Equation (3.18), Ym and K;(Wm, Ks) are regarded as constant 
in each layer. 

Mualem (7) defined the anisotropy coefficient of unsatur- 
ated soils more generally as 


se f K thn, Ks) f(K;) dK; | z 


U= = (3.18) 


f(Ks) 


a 
aK KG K (3.19) 
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where f(K,) is a density distribution function with the satur- 
ated hydraulic conductivity Kg. 


C. Refractive Anisotropy Coefficient 
1. Two-Layer Model 


The anisotropy coefficients defined by Equation (3.15), (3.18), 
or (3.19) provide inclusive information on the anisotropy of 
layered soils. It is, however, preferable that the flux of water 
in each layer be related to the inclusive anisotropy of the given 
layered soil by using the anisotropy coefficient. Zaslavsky and 
Sinai (6) proposed a new definition of anisotropy coefficient in 
terms of the refraction law in a two-layered soil and predicted 
the generation of lateral water flow using the new anisotropy 
coefficient. 

Figure 3.15 shows the two-layer model of refraction of 
fluxes at the interface, in which qin» is the incidence flux, qı 
is the flux in the second layer, and a is the incidence angle of 
din. The flux qı is decomposed into two components: one is the 
component q,, parallel to qin, and the other is the lateral 
component q, rectangular to qin. It is evident that the lateral 
component q in the second layer is produced by the refraction 
of flow at the interface. The larger the ratio of qx to qz, the 
larger is the lateral component qx for a given gin. Hence, 


Figure 3.15 Two-layer model for the definition of refractive an- 
isotropy coefficient. 
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the ratio of qx to qz may be a good index of the anisotropy of 
flow in two-layered soils. 

In Figure 3.15, the ratio of qx to qz is given geometrically 
by 


= = tan (8 — a) (3.20) 


z 


where £ is the refraction angle. By applying the trigonometric 
relation 


tan 8 — tana 
Gi 1+ tan tan a 


to the right-hand side of Equation (3.20) and using the refrac- 
tion relation 


K; tana 


K, tang 


the left-hand side of Equation (3.20) is transformed to 
dx (Kı/Kn — 1) tana 


= (3.21) 
qz 1+(K;/Kin) tan? a 
Defining the refractive anisotropy coefficient by 
Kı 
X= =i 3.22 
U; K ( ) 


Equation (3.21) is simplified to 


qx 1/ Ujsin2a (3.23) 
qz- 2\1+U%sin? a 


where elementary trigonometry is used. 

Equation (3.23) along with Equation (3.22) provides 
the magnitude of the lateral flux component q, generated by 
the refraction of a given influx qin as a function of refractive 
anisotropy coefficient U;. For example, if K; is equal to Kin, 
then U; is 0 and the lateral flux q, is also 0. If Kı is much 
larger than Kin, Uj may also be extremely large, and hence the 
right-hand side of Equation (3.23) becomes 
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1 Uï sin 2 1 in 2 
|= a | cota (3.24) 
2\14+Ujsin°a} 2\1/Uj+4+sin*a 


This means that when K; is much larger than Kin, the ratio of 
qx to qz is given by 
d: L cota (3.25) 
qz 


On the other hand, if Kı is much smaller than Kin, then U; 
approaches —1, and hence the right-hand side of Equation 
(3.23) becomes 


1 * sin 2 
Ui elas = >—tana (3.26) 
2\14 Uj sin’ a 


This means that when K; is much smaller than K;,, the ratio 
of q, to qz is given by 


T _,_ tana (3.27) 
qz 
Thus, the refractive anisotropy coefficient Uï is useful 
for predicting how the incidence flux will refract at a given 
boundary of two-layer soils. Summarizing all the cases dis- 
cussed above, the relation between the lateral component q, 
and the refractive anisotropy coefficient Uj is given by 


qx >0, when U; >0 
qx=0, when U; =0 (3.28) 
qx <0, when —1<U; <0 


Figure 3.16 shows the physical meaning of Equation (8.28), 
where q> 0 means that the lateral flow along the interface is 
promoted by the refraction, g, = 0 means that no refraction 
occurs at the interface, and q,< 0 means that the lateral 
component of the incidence flow is diminished by the refrac- 
tion. The larger the value of Uï, the more the lateral flow is 
generated, and the closer the value of Uï to —1, the more the 
lateral flow is diminished. 
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-1< UÏ <0 


Figure 3.16 Dependence of lateral component q, on Uj. 


2. Multilayer Model 


A multilayer model, expanded from the two-layer model of 
Zaslavsky and Sinai (6), is shown in Figure 3.17, where n 
is the number of layers, q; (i = 1, 2, ..., n) are fluxes, (3; (i = 
1,2,...,n) are refraction angles, and K; (i =1,2,...,n) are 
saturated or unsaturated hydraulic conductivities, functions 
of matric heads at the interfaces, in each layer. It is evident 
that each flux q; is decomposed into components qi, x (perpen- 
dicular to the incidence flux qin) and q;,- (parallel to the 
incidence flux qin). Hence, the geometrical equation 

4i5* Z tan (6i — a) (3.29) 


i,x 


is applied for any layer in the model. Equation (3.29) is 
developed using trigonometry in the same manner as in the 
two-layer model and by expanding the refraction theory as 
follows. 

Assuming that streamlines within each layer do not 
refract or curve (this is achieved approximately by dividing a 
soil profile into many layers), Equation (3.4) is applied succes- 
sively for this model, such that 
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Figure 3.17 Multilayer model for the definition of refractive 
anisotropy coefficient. 


Kn K R Ky 
tana tanG, tang. tani; — 
K, 
=en 3.30 
tan Bn ( ) 
from which the relation 
K; . 
tan 6; = K tana (@=1,2,...,n) (3.31) 


ın 


is deduced. By substituting Equation (3.31) into the trigono- 
metry form, 
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tan 6; — tana 
tan (Gj — a) = 
antama) 1 + tan 8; tana 


the left-hand side of Equation (3.29) is transformed into 


dix _ (Ki/Kin zee (3.32) 
qiz 1+(K;/Kin)tan* a 
Similar to the definition of anisotropy coefficient in the two- 
layer model, given by Equation (3.22), it may be reasonable to 
define the anisotropy coefficient of the ith layer in a multi- 
layer model by 


K: 
p | ; 
U; K (3.33) 
Substitution of Equation (3.33) into Equation (3.32) yields 
di,x 1 U* sin 2a 
= l (3.34) 
qiz 2 (; + U? sin” -) 


Note that by the same discussion as that for the two-layer 
model, the range of the value of anisotropy coefficient is 
restricted to be 


U;>1 


The refractive anisotropy coefficient Uř provides a lateral 
component of flux relative to the incidence flux qin in a given 
layer. 

As discussed for the two-layer model, the larger the value 
of U;, the larger the lateral component q; x. If K; is much 
larger than Kin, the ratio of qi,» to qiz in layer i of Figure 
3.17 is given by 

Tit L cota (3.35) 

di,z 
On the other hand, if K; is much smaller than Kin, the ratio of 
di,x to qi, z is given by 


qi, x 
qi,z 


— —tana (3.36) 
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When the saturated hydraulic conductivities of each layer in a 
layered soil decrease to the line of flow, the refractive aniso- 
tropy coefficients U; are all negative. In this situation, satu- 
rated water flow will refract successively such that the 
refraction angles approach zero, as shown in Figure 3.18(a). 
But when the saturated hydraulic conductivities of each soil 
layer increase in the line of flow, the refractive anisotropy 
coefficients U; are all positive, and therefore the refraction 
angles will gradually increase, as shown in Figure 3.18(b). 
This refraction in saturated layered soils is presumably seen 
in fields with layered soils. 

Since the unsaturated conductivities of soils generally 
change markedly with changes in matric heads, the refractive 
anisotropy coefficients U; defined by Equation (3.33) will also 
change markedly in unsaturated layered soils, resulting in 
considerable change in the refraction angles at interfaces 
with changes in matric heads. 


(a) Ut; <0 


Figure 3.18 Successive refractions of flux in layered soils with (a) 
negative and (b) positive U; values. 
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APPENDIX: THE JUMP CONDITION 
AND THE FINITE ELEMENT METHOD 


The jump condition is another mathematical formulation of 
the conservation law at the interface between two regions. 
The finite element method, which uses variational concepts 
to construct an approximation of the solution over a collection 
of finite elements, is favorable for the simulation of water flow 
in heterogeneous soils, since the jump conditions at the inter- 
faces of plural domains are always satisfied theoretically in 
this method. 

Becker et al. (13) showed how the jump conditions are 
satisfied in the variational boundary-value problem of such 
domains, as shown in Figure 3.19, where the problem is de- 
signated by the sum of domain Q and boundary 02. Domain Q 
consists of two domains, Qı and Q2, interfacing at I, 


Q = 044+ Qe (3.37) 


The boundary 02 consists of the fundamental boundary con- 
dition, denoted as Qı, and the natural boundary condition, 


dQ, 
IQ 


Figure 3.19 Domain of two-dimensional boundary-value problem. 
(From Becker, E.B., Carey, G.F., and Oden, J.T., Finite Elements: An 
Introduction,Vol. I, Prentice-Hall, Englewood Cliffs, NJ (1981), with 
several deletions. With permission.) 
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denoted as 002, both of which are designated independently 
on domains 2; and Q4; thus, 


OQ = OQ, + ON (3.38) 


The entire boundary OC is also denoted by subtracting the 
interface I from both boundaries 0((1) and 0(Q2), which as 
shown in Figure 3.20, surround domains Q; and Q2, respect- 
ively, as 


AQ = [A(Q1) — T] + [OQ2) — T] (3.39) 
Let us consider the two-dimensional steady flow equation 

ð Oh' ð Oh' 

cde pale Ka sia A 

re kes) m + oe ke») ~| 0 (3.40) 


where h'(x,y) is the suction, a smooth function in 2, and k(x,y) 
is the hydraulic conductivity defined in each domain, discon- 


0 (Q2) -T 


Figure 3.20 Decomposition of regions of integration for boundary 
integrals around 0(1) and (N2). (After Becker, E.B., Carey, G.F., 
and Oden, J.T., Finite Elements: An Introduction,Vol. I, Prentice- 
Hall, Englewood Cliffs, NJ (1981). With permission.) 
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tinuous at the interface I. In the finite element method, 
h'(x,y) is approximated by a linear function h(x,y), 


j=N 
hix,y) = X` hjġj&,y) (3.41) 


J=1 


where h; are values of h at each node (x;,y;) of the finite 
elements and ¢;(x,y) are basis functions satisfying 


o na f1 ifi=j 
hyD = { 4 aA (3.42) 


When h'(x,y) is approximated by A(x,y), the residual r of 
Equation (3.40), 


o 


F 


o 


+ Es (3.43) 


oh 


ey) a 


oy 
is not zero. The approximation h(x,y) is determined in such a 


way that the integral ofr over Q, weighted with a test function 
v, is set equal to zero such that 


1 rv dQ =0 (3.44) 
Q 


Integration of Equation (3.44) must be conducted separately 
over Qı and Qə since the second derivatives of h are not 
integratable along the interface r. This procedure gives 


ð / Oh ð /, Oh 
J, E (: 3) 4 Oy (: =)? ae 


ð (, Oh ðo (, Oh 
| h E (r =) "Oy (r >) v dx dy = 0 (3.45) 


where each integral corresponds to each domain. By using the 
Gauss divergence theorem, the first term of Equation (3.45) is 
divided again into two terms as 
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Ə / Əh\ af. oh 
he E (: a) "Oy (r) od 


F J @ ðv ðh 2) aay f h a BAO) 
a XQ) On 


Ox Ox Əy Oy 


and the second term of Equation (3.45) is divided as 


Ey a a: ke) 
i E (: F) "Oy (: SE a 


Oh ðv Oh Ov Oh 
= | dx d +f vk—ds_ (3.47) 
h (G Ox ðy 2 a Jay On 


Noting that 
AQ) = [XNQ1)— T] +T 


(N2) = [AN2) —P] +T 


the second terms on the right-hand sides of Equations (3.46) 
and (3.47) are rewritten, respectively, as 
ðh 


f ok Tas =f vk as + | (S) ds (3.48) 
aXQ) On aop-r On T On}, 


f spon ds = f ip ae +f (v5) ds (3.49) 
Ay) AQ%)-r On r On} 5 


n 


Adding Equations (3.48) and (3.49), we obtain 


Oh Oh 
vk + f vk — ds 
ba Onds Jao, On 
= | f o aa i ok ds (3.50) 
aa,)-r n AM )-—r On 


+] [ (een) a+ f (or) asl 


The sum in the first set of brackets on the right-hand side of 
Equation (3.50) is equal to 


Oh 
vk — ds 
is on 


(3.51) 
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and the sum in the second set of brackets on the right-hand 
side of Equation (3.50) is equal to 


Əh Əh 
f (i S) (r mm) als (3.52) 


where the notation 


Oh 
(: a 


indicates that the term inside the parenthesis is evaluated on 
region i. Since the unit vector n is the outward normal to a 
given region, n; at each point on T is equal to the negative of 
nə and Equation (3.52) is rewritten as 


LER) CR) Joa [aot ane a 


(3.53) 


According to the jump condition given in Equation (3.7), this 
integral is zero. 

Returning to Equations (3.46) and (3.47) and adding the 
first terms on the right-hand sides, we obtain 


Oh ðv Oh Ov Oh ðv Oh Ov 
[GS ðx Oy >) ddy La T Oy de dy 
Oh ðv Oh Ov 
7 [(F nts ~) de ay (3.54) 


Finally, the integration Equation (3.44) is rewritten as 


Oh ðv Oh Ov Oh 


In Galerkin’s method, a well-known approximation in finite 
element method, the basis function ¢; (i = 1,2, ...,N) is used 
as a test function v. Substituting Equation (3.41) into Equa- 
tion (3.55) and writing ¢; in place of v, Equation (3.55) is 
rewritten in the form 
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= A; 06; Ohi $i 
k h; dx dy = oe ds 
- ff ( i )| á ” 00 p 


= Ox Ox Oy Oy On 
(3.56) 
or following custom, 
Kh =F 
where the components of K, h, and F are given by 
06; Opi 4 OP: 06; 
Kj = 
eS fe (Z Oe Oy ES 
h; = h(x;,y;) (3.57) 
F;= Qik h as 


on 


This formulation is just the same using the finite element 
approximation for one domain Q, where no interface exists 
in the domain. Hence, we can use this approximation for 
domains constructed of two or more subdomains having inter- 
faces inside the whole domains. Becker et al. (13) noted, how- 
ever, that the location of nodes and element boundaries should 
coincide as closely as possible with interfaces at which jumps 
in the coefficient k occur. 
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124 Water Flow in Soils 
I. CLASSIFICATION OF PREFERENTIAL FLOW 


It is widely recognized that preferential flows of water in soils 
have a great effect on hydrological processes in fields. In ad- 
dition, the role of preferential water flow involving chemicals 
or contaminations is so important in the environment that 
many symposia have focused on this topic (1). However, the 
definition and classification of preferential flow are still under 
investigation. The classification of preferential flows based on 
their phenomenological features as proposed by Kung (2,3) is 
useful. Taking account of his classification, we classify prefer- 
ential flows in soils into three types: bypassing flow, fingering 
flow, and funneled flow. Figure 4.1 is a schematic diagram of 
these flows. 

Bypassing flow, denoted by B in Figure 4.1(a), is local flow 
in such highly permeable zones as a macropore (right-hand 
side) and a crack (left-hand side) in heterogeneous soil. This 
flow takes place either when the macropores and cracks are 
open to the atmosphere or when the water pressure within the 
macropores and cracks is positive. When, for example, ponded 
water infiltrates a soil matrix whose macropores are open to 
the land surface, water will infiltrate the macropores (flux B) 
faster than the soil matrix (flux I), due to bypassing flows, and 
sooner or later, the bypassing flows will infiltrate the soil 
matrix across the walls of the macropores. If macropores 
exist beneath a layer of groundwater, water will preferentially 
flow within the macropores. Under certain conditions, this 
type of flow will occasionally be transformed into pipe flows. 
Readers are directed to a paper by Beven and Germann (4) in 
which many types of bypassing flows are reviewed. 

On the other hand, when ponded water infiltrates a soil 
matrix within which macropores or cracks are buried, and 
when the soil matrix is under suction, water will not infiltrate 
the buried macropores but will infiltrate only the soil matrix. 
In this case, macropores are not preferential for the flow of 
water but are obstacles to such flow. Further details on the 
flow of water in buried macropores are given in Chapter 9. 

Fingering flow, denoted by Fi in Figure 4.1(b), is a partial 
flow that looks like fingers. This flow takes place mainly in 
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Figure 4.1 Preferential flows denoting infiltration (I): (a) bypass- 
ing flow (B); (b) fingering flow (Fi); (c) funneled flow (Fu). 


relatively coarse layers overlaid with finer soils. It has been 
shown that under some conditions, fingering flows are also 
generated even in uniform soils (5,6). Fingering flows occur 
under both ponded and sprinkled water at the land surface. 
Fingering flows have been analyzed by applying Darcy’s 
law, but the physical characteristic of this flow remains to be 
studied, because the Reynolds number of a fingering flow is 
much larger than that of flow in a soil matrix, and hence the 
applicability of Darcy’s law has to be investigated. 
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Funneled flow, so called by Kung (2,3) and denoted by Fu 
in Figure 4.1(c), is another type of partial flow accumulated 
along the inclined bottom of a fine layer overlaying a coarse 
sublayer. The pressure of funneled flow is initially negative, 
and due to the accumulation of infiltrated water, increases 
with distance along the inclined interface between the fine 
top layer and the coarse sublayer. The quantity of funneled 
flow also increases with distance along the inclined interface. 
When the pressure of funneled flow exceeds a critical value, 
fingering flow will be generated in the coarse sublayer. Phe- 
nomenological explanations of preferential flows in soils, with 
the help of some modeling approaches, are provided in this 
chapter. 


Il. GENERAL FEATURES OF 
PREFERENTIAL FLOW 


Preferential flows in soils are generally regarded as a type 
of saturated flow, as illustrated in Figure 4.1, and evidence of 
unsaturated preferential flows is scarce. In addition, the 
velocities and local quantities of preferential flows are consi- 
dered to be large compared with other saturated flows in soils. 
Table 4.1 shows the values of Reynolds number defined by 


Du 
Re = — (4.1) 
U 

Table 4.1 Reynolds Numbers for Several Types of Flow 
Type of flow Re 
Water flow in clay 107° 
Motion of a sperm 10°° 
Blood flow in a capillary 107° 
Water flow in sand 107-107? 
Preferential flow in soil 1-10 
Rise of an air bubble in beer 30 


Speed of a bullet train 10” 
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where D is the characteristic length (m), u is the average 
velocity of the flow (ms +), and v is the coefficient of kinematic 
viscosity of the fluid (m? s71). The Reynolds number depends 
on the choice of the characteristic length of the flow in ques- 
tion. In the case of water flow in soils, when the average 
diameter of soil particles is used as the characteristic length, 
laminar flow is predominant when the Reynolds number is 
less than about 10, and, consequently, Darcy’s law is appli- 
cable to the flow. The inertia force increases with the increase 
in Reynolds number, and turbulent flow is generated when 
the Reynolds number exceeds this value. When the Reynolds 
number exceeds about 150 to 300, the turbulent flow becomes 
predominant. Hence, the range of application of Darcy’s law in 
soils is limited to flows where Reynolds numbers are less than 
about 10. 

The Reynolds number of preferential flows in soils is 
estimated to be less than 10 but is very close to this value. 
For example, the velocity of vertical-down fingering flow in 
coarse glass particles, whose average diameter is 1 mm, is 
about 1 cms“. Since the coefficient of kinematic viscosity of 
water is close to 0.01 cm? s +, the Reynolds number for this 
fingering flow is estimated from Equation (4.1) to be 10. Since 
Reynolds numbers over 10 are possible depending on the 
physical condition of the flow in soils, the physical character- 
istics of preferential flows should be investigated individually. 


Il. BYPASSING FLOW 
A. Vertical Bypassing Flow 


There is much evidence of the existence of bypassing flow in 
fields. van Stiphout et al. (7) investigated the bypassing flow 
in an undisturbed soil column taken from a grassland field. 
Abundant cracks and worm holes were observed in the topsoil 
at a depth of 0 to 60 cm, while the subsoil at a depth of 60 
to 135 cm contained only worm holes. Before and after the 
application of water from the land surface, they measured the 
suction profiles and compared them with profiles simulated 
numerically. The same procedures were performed twice. 
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There were very large discrepancies between the measured 
and simulated profiles, as shown in Figure 4.2. 

The initial profile of log|h!, where h is the suction of 
water in the soil, ranged from 1.5 to 2.7 cm in the topsoil, 
which is 120 cm deep. Investigating the measured profiles 
after the first and second applications of water (open and 
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Figure 4.2 Measured and simulated suction profiles in an undis- 
turbed soil column. (After van Stiphout, T. P. J., van Lanen, H. A. J., 
Boersma, O. H., and Bouma, J., J. Hydrol. 95:1-11 (1987). With 


permission.) 
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solid circles, respectively, in Figure 4.2), remarkable decreases 
in suction (i.e., increase in water content) appeared at a depth 
of 50 to 80 cm, especially after the second application. If the 
flow of infiltrated water follows Darcy’s law, the suction pro- 
files will be similar to the calculated profiles shown by tri- 
angles in Figure 4.2, but the measured profiles were far from 
the calculated profiles. After investigating the horizontal 
cross sections of the soil, they concluded that bypassing flow 
within cracks and worm holes was predominant in the topsoil 
at a depth of 0 to 60 cm and the accumulation of bypassing 
flow brought about a quick decrease in suction in the topsoil 
layer. The other decrease in suction (i.e., increase in water 
content), which appeared at a depth of 110 to 140 cm, was due 
to the bypassing flow and its accumulation in the deep zone, 
where there were worm holes but no cracks. It is surprising 
that the macropores are channeled to the land surface and 
open to the atmosphere in such a deep zone. 

Thus, they concluded that the ability to predict suction 
profiles (triangles) based on Darcy’s law is very poor in these 
heterogeneous soils. Underestimation of the hydraulic con- 
ductivity of the soil might be one reason for these discrepan- 
cies. In addition, we doubt that Darcy’s law is applicable to 
this vertical preferential flow, as the large macropore size 
causes an increase in the Reynolds number. Assuming that 
the sizes of cracks and worm holes in the soil are greater than 
1 mm and that the vertical velocity of water flow in them is 
greater than 1 cm s +, the Reynolds number of this vertical 
bypassing flow is estimated to be above 10, which results in 
deviation from the range of applicability of Darcy’s law. 


B. Lateral Bypassing Flow 


When hydraulic head gradients exist in the horizontal direc- 
tion in soils with macropores, lateral bypassing flows may 
take place. A typical lateral bypassing flow is observed in 
rice paddies equipped with an underdrain. It is well known 
that even in a paddy of heavy clay soil, an underdrain is fairly 
effective because lateral bypassing flow in cracks is predom- 
inant in such fields. 
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Inoue et al. (8) investigated the hydraulic properties of 
soils in rice paddies developed in cracks. They prepared a 
large lysimeter 30 by 70 m wide and 0.7 m deep with a thick 
vinyl sheet at the bottom (Figure 4.3), packed alluvial clayey 
subsoil in the lysimeter, and cultivated it for 10 years, yielding 
rice or soybeans. At the center of the lysimeter a main under- 
drain pipe was buried and mole drains were perforated at a 
depth of 0.35 m every 1.2 m in the direction normal to the 
main drain, as shown in Figure 4.3. After 10 years of cultiva- 
tion, an undisturbed test soil block 5 m long, 1.44 m wide, and 
0.7 m deep was formed by excavating around the test block. 
The lateral water flow in this test soil block was generated by 
using different water levels in the pits at both short sides of 
the block, as shown in Figure 4.4. Along the longer sides the 
block was sealed by vinyl sheets and the gaps between the 
block and original field along the longer sides were refilled 
with soil so that no space remained. Since the lysimeter had 
been cultivated continuously, the average saturated hydraulic 
conductivity of topsoil at a depth of 0 to 12 cm was around 
107? cms 1, with an average bulk density of 1.15 gcm °. The 
average saturated hydraulic conductivity of subsoil at a depth 
of 12 to 70 cm was about 10° cm s +, with an average bulk 
density of 1.46 g cm ®. 

White paint dissolved in water was poured into the left 
short-side pit and the water level was maintained constant by 


Mole drain 
Main drain 


Figure 4.3 Large lysimeter with drains and an undisturbed 
test soil. 
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Figure 4.4 Test soil block in the lysimeter. 


adding the white solution. The water-dissolved paint flowed in 
the test soil block, dyeing the flow paths, and drained into 
the right short-side pit, denoted as B in Figure 4.4. The rate 
of drainage was measured at the adjacent pit C, into which 
water overflowed at a given level in pit B and ran through a 
pipe. Figure 4.5 shows the cracks dyed by white paint, as seen 
by the naked eye, in cross sections at distances of 15, 115, and 
200 cm from the upper stream side of the test soil block. 
The solid lines are dyed cracks, the dashed lines are undyed 
cracks, and the dotted areas are dyed walls of cracks. It is 
evident that water-dissolved paint did not flow in the soil 
matrix but flowed mainly in the network of cracks and partly 
in the mole drain. This is a direct verification of bypassing 
flow in the field. 

The physical property of this lateral bypassing flow 
was investigated by analyzing the flow data. Assuming that 
Darcy’s law is applicable to the lateral flow of water in the test 
soil block, the flux q is given by 
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Figure 4.5 Dyed cracks by white paint in cross sections at dis- 
tances of 15, 115, and 200 cm from the upper pit. (After Inoue, H., 
Hasegawa, S., and Miyazaki, T., Trans. Jpn. Jpn. Soc. Irrig. Drain. 
Reclam. Eng. 134:51—59 (1988). With permission.) 


AH 
= -K—— 4.2 
q T (4.2) 


where AH is the difference in water level at both sides A and B 
in Figure 4.4, L is the horizontal distance of the test soil block, 
and K is the saturated hydraulic conductivity. The value of q 
is obtained experimentally by 


q= 7 (4.3) 
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where Q is the total amount of lateral water flow through the 
soil block per unit time and (A) is the average sectional area 
perpendicular to flow in the soil block. 

Figure 4.6 shows the relation between Q and AH at 
various water levels in the pits. If Darcy’s law is applicable 
to the flow, the relation between Q and AH will be linear and 
Q will be zero when AH is zero. The rate of increase of Q with 
AH decreased in curve 1, where water levels in both pits were 
higher than the mole drain. The nonlinearity of curve 1 was 
attributed to a high Reynolds number of flow in the mole drain 
(about 44). The quantity Q increased linearly in curve 2, 
where the water level was higher in the upstream pit and 
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Figure 4.6 Relation between Q and AH. 
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lower in the downstream pit. The quantity Q was relatively 
small and the rate of increase of Q with AH was fairly non- 
linear in curve 3, where the water levels in both pits were 
lower than the level of the mole drain. The nonlinearity of 
curve 3 was attributed to the geometric features of the bottom 
of cracks where the pathways were disturbed by narrow crack 
walls and clogged by lumps. 

Apparently, curve 2 in Figure 4.6 satisfies Darcy’s law, 
but curves 1 and 3 deviated from the law. According to the 
calculation by Inoue et al. (8), due to the low values of the flow 
velocities, the Reynolds numbers of these lateral bypassing 
flows were from 1 to 3, which is small enough to apply Darcy’s 
law. The hydraulic conductivity of the bypassing flow, desig- 
nated by curve 2, is estimated to be 0.15 cm s_*. Although 
this value is fairly high, it is suggested that Darcy’s law 
is restrictively applicable to the lateral flow of water in fields 
with a highly developed network of cracks under given 
conditions. 

Another method, useful to investigate the lateral water 
flow across the section with abundant macropores, is the 
analysis of surface slopes of groundwater. Figure 4.7(a) gives 
conceptually the relation between the depth of the upper 
stream side H, and the lower stream Ho, and the hydraulic 
head h measured by the height of the cracks dyed by white 
paint, as seen in Figure 4.5. Assuming that the lateral water 
flow is under steady state and that the flow mainly in the 
cracks is described in Darcy’s law 

dh 

Q = -Kh Jx (4.4) 
the integration from the upper stream side to an arbitrary 
lateral distance x 


x h 
Q| ae=-K | hak (4.5) 
0 Hı 
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results in 


2 772 
= (2 5] (4.6) 


Since the saturated hydraulic conductivity K is easily 
obtained by substituting h for Ho, 
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Figure 4.7 Measured and calculated groundwater levels in cracks 
under a lateral steady flow. (After Inoue, H., Hasegawa, S., and 
Miyazaki, T., Trans. Jpn. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
134:51-59 (1988). With permission.) 
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and the left-hand side of Equation (4.6) is determined by 


Q_ Hi 2 _ H2 
ea (4.8) 
The resultant relation between fh and x is given by 
= y H? — Ž (H? — H) (4.9) 


Figure 4.7(b) shows the height of cracks dyed by white paint 
along the stream distance very close to the mole drain zone 
and 80 cm away from the mole drain zone, obtained by Inoue 
et al. (8). The latter distribution was in agreement with the 
calculated surface slopes of groundwater by Equation (4.9). 
This clearly means that the lateral water flow within cracks 
followed Darcy’s law in this field except for around artificial 
mole drain. 


IV. FINGERING FLOW 
A. Criteria for Fingering Flow Generation 


Where does fingering flow occur? It occurs most notably in the 
transition of infiltrating water from a fine-textured layer to an 
underlying coarse-textured layer. Occasionally, in the early 
stage of infiltration, fingering flows are generated in a uni- 
form and initially dry layer. It is also known that fingering 
flows are observed in the displacement of oil by water in oil 
reservoirs. The significance of the role of fingering flows in the 
migration of contaminants in vadose zones has increasingly 
been recognized. Fingering flow was discovered and first 
reported by Tabuchi (9) and has been discussed by Hill and 
Parlange (10), Raats (11), Philip (12), Diment and Watson 
(13), Tamai et al. (14), Baker and Hillel (15), and by many 
other investigators. 

When does fingering flow occur? In uniform soils, the 
criterion for the generation of fingering flow is given (11) by 


ho > he (4.10) 
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where ho is the suction at the soil surface and h, is the suction 
at the wetting front. Since the suction at the wetting front is 
affected by both water content and air pressure ahead of the 
wetting front, the compression of air has an influence on the 
generation of fingering flow. If ponded water infiltrates a 
uniform soil without compressing the air ahead of the wetting 
front, the soil surface becomes wetter than the wetting front 
and thus ho is smaller than h,, resulting in no fingering flow. 
On the other hand, if the infiltration is accompanied by air 
compression ahead of the wetting front, the value of h. de- 
creases with time, resulting in the generation of fingering 
flow. The instability of the wetting front in uniform soils has 
been investigated by several researchers (9, 11, 12). 

In layered soils, the criterion for the generation of finge- 
ring flow is given by 


Kylhw) > Ot (4.11) 


where K,,(h,,) is the hydraulic conductivity of the sublayer at 
its water entry suction value hw and q; is the flux through the 
top layer. This criterion is often satisfied in a layered soil 
consisting of a coarse soil overlaid by a fine soil, and fingering 
flows have been investigated in such soils by many of the 
researchers noted above. Note that the value of K,(h,,) is 
approximated by the saturated hydraulic conductivity K,, 
even though the latter is a little larger than the former (15). 


B. Hydrodynamics of Fingering Flow 


The physical mechanism leading to the various types of finger 
flows in soils are still under study and, especially, their lateral 
hydrodynamics are vague. Kawamoto and Miyazaki (16) in- 
vestigated suction changes during infiltrations of simulated 
raindrop water into Toyoura sand, whose particles are larger 
than 0.105 mm and smaller than 0.21 mm, packed in an 
acrylic board container with inside dimensions of 50 cm 
width, 50 cm height, and 1 cm thickness. Table 4.2 shows all 
the runs corresponding to the initial water contents and arti- 
ficial rainfall intensities. Figure 4.8 is the traced wetting 
fronts classified into three types: low-swell fingers (Runs 1 to 
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Table 4.2 Experimental Conditions 


Rainfall intensity (Ip) 


Initial water content (w;) 15 mm h“! 30 mm h7! 180 mm h`! 
Air dry (0.0%) Run 1 Run 2 Run 3 
0.5% Run 4 Run 5 Run 6 
1.0% Run 7 Run 8 Run 9 


Source: Kawamoto, K. and Miyazaki, T., Soils Found. 39(4):79-91 (1999). With 
permission. 


4), high-swell finger (Run 5), and wavy to plane fronts (Runs 
6 to 9). 

Figure 4.9(a) shows the suction change during the pass- 
ing of a low-swell finger tip at depths of 7.5 and 22.5 cm in Run 
2. When a finger tip arrives at a designated depth, the suction 
at this point instantaneously decreases and, after reaching 
the lowest value, it rapidly increases and finally remains a 
steady value. Since the suction of the wetted zone including 
the surface zone by this finger is, from Figure 4.9, estimated to 
be about 34 cm, and since the suction at the wetting front of 
this finger is estimated to be less than 34 cm, criterion (4.4) is 
well confirmed. 

Figure 4.9(b), on the other hand, shows the suction change 
of Run 9 during the passing of a plane front infiltration at 
a depth of 22.5 cm. When the plane wetting front arrives at 
22.5 cm depth, the suction at this point gradually increases toa 
final steady value. There is no indication of fingers and, as 
guessed earlier, criterion (4.4) is not applicable. 

The persistence of finger flows may strongly depend on 
the lateral water movement within the finger. Kawamoto and 
Miyazaki (16) showed that the suction changes with swelling 
of both low-swell finger (Figure 4.10) and high-swell finger 
and pointed out that the lateral suction gradients in low-swell 
fingers are, against our presumption, much higher than those 
in high-swell fingers. Based on this finding, they concluded 
that the lateral water movements with fingering flows are 
dominated mainly by the unsaturated hydraulic conductivity 
and that the large value of lateral suction gradients does not 
directly dominate the horizontal water velocity from the cen- 
ter of fingers to the surrounding dry sand. 
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Run 7 Plane front Run 8 Plane front Run 9 Plane front 


Figure 4.8 Tracings of wetting fronts (the numbers in diagrams 
refer to the time after rainfall [min]). (After Kawamoto, K. and 
Miyazaki, T., Soils Found. 39(4):79-91 (1999). With permission.) 


V. FUNNELED FLOW 
A. Nature of Funneled Flow 


Kung (2) investigated water flow in a huge soil block of inter- 
bedding coarse sand layers in a potato field with a ridged 
surface. Using a red dye, he was able to distinguish an accu- 
mulation of water above the interfaces between the upper fine 
sand and lower coarse sand, and subsequent lateral spreading 
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(b) Run 9: Plane front 
Figure 4.9 Suction changes with wetting fronts passage. (After 


Kawamoto, K. and Miyazaki, T., Soils Found. 39(4):79-91 (1999). 
With permission.) 
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Figure 4.10 Suction changes with swelling of a low-swell finger. 


(After Kawamoto, K. and Miyazaki, T., Soils Found. 39(4):79-91 
(1999). With permission.) 
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flow of accumulated water along the interface as illustrated in 
Figure 4.11. When the interbedded coarse sand was inclined, 
the accumulated water flowed down along the interface, and 
at the top of the interbedded coarse sand layer, the lateral flow 
changed back to vertical flow into the lower fine sand. Kung 
(3) named this type of flow funneled flow. Since funneled flow 
is accumulated more and more along the inclined interface, 
he predicted theoretically that fingering flow into the coarse 
layer would follow funneled flow under special conditions. 

As noted by Kung (8), the funnel phenomenon was 
first documented in a classic film entitled Water Movement 
in Soil, produced by Gardner in 1960 (17). It is surprising 
that flow as distinctive as funneled flow had not been investi- 
gated in detail until Miyazaki (18) analyzed this type of flow 
as an extreme refractional flow in layered soils and Ross 
(19) analyzed the phenomenon as a capillary barrier formed 
by fine-grained soil overlaying a coarse soil. The role of fun- 
neled flow in subsurface hydrology and in the migration of 
contaminants in heterogeneous soil should be stressed more 
strongly. 


Plow zone 


Loamy sand 


Coarse sand 


Loamy sand 


Figure 4.11 Funneled flow in a field. (After Kung, K.-J. S., 
Geoderma 46:51-58 (1990). With permission.) 
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B. Experimental Observation 


Miyazaki (20-22) conducted an experimental investigation of 
funneled flow and subsequent fingering flow using Hele— 
Shaw models. Figure 4.12 shows an experimental device com- 
posed of an acrylic board container of 2 m width, 1 m height, 
and 0.03 m thickness, a rain simulator, a drain pipe, and a 
measurement system. A small acrylic board container of 0.5 m 
width, 0.7 m height, and 0.02 m thickness was also used in 
the experiment. Within these boxes, sand whose water con- 
tent was 0.02 g g`! was packed over coarse 1-mm glass 
beads spread uniformly. The sand just above the interface 
was packed carefully so as not to disturb the interface. The 
interface was formed horizontally or at an angle. Bulk dens- 
ities of sands ranged from 1.39 to 1.45 g cm ® and those of 
glass beads ranged from 1.45 to 1.46 g cm. The rain inten- 
sity was controlled by changing the elevation of a constant- 
head water reservoir (Mariotte bottle). Table 4.3 shows the 
experimental conditions and some of the results. 
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Figure 4.12 Hele—Shaw model to generate funneled flow. 
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Table 4.3 Experimental Conditions and Principal Results 


Number Average 


Rain of fingers thickness 
Run Container Angle of intensity Number of per length of fingers 
number size interface (°) (mmh~+) fingers (m7) (mm) 
1 Small 0 100 4 8.0 5.3 
2 Large 0 140 18 9.0 — 
3 Large 0 120 18 9.0 — 
4 Small 5 100 4 8.0 6.9 
5 Large 10.9 50 7 3.5 6.0 
6 Large 10.9 100 16 8.0 5.5 
7 Large 13.5 150 15 7.5 — 
8 Small 15 100 3 6.0 8.8 
9 Small 30 100 1 2.0 11.3 


Source: Miyazaki, T., Diversion capacity of capillary barrier in a layered slope, in 
Trends in Hydrology, S. G. Pandalai, Ed., Council of Scientific Information, Trivan- 
drum, pp.469—475 (1994). With permission. Miyazaki, T., Trans. Jpn. Soc. Irrig. 
Drain. Reclam. Eng. 179:49—56 (1995). With permission. 


Figure 4.13—Figure 4.15 show the behavior of the wetting 
front and subsequent fingering flow during infiltration in 
the larger container. Before the start of infiltration, clumps 
of a dye (potassium permanganate powder) were embedded in 
the top sand layer at equal intervals horizontally through 


À Wetting front 


Figure 4.13 Early stage of infiltration. 
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ti Infiltration 


Figure 4.14 Cessation of wetting front advancement at the inter- 
face. 


Figure 4.15 Final stage of infiltration. 


small holes on the front panels. As water infiltrated down- 
ward, the horizontal wetting front in the top sand layer 
remained stable while the colored streamlines curved along 
the inclined interface, which suggested the existence of fun- 
neled flow. 
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Figure 4.16 Colored streamlines in the smaller container under a 
steady rain of 100 mm h™t. 


Figure 4.16 shows the colored streamlines formed by 
a steady flow of water in layered soil models in the smaller 
container under a constant rain intensity of 100 mm h™t. 
When the interface was horizontal (Figure 4.16a), water flo- 
wed laterally above the interface and four fingers appeared. 
When the slope of the interface was 5°, water in the sand layer 
showed a tendency to flow down along the slope of the inter- 
face (Figure 4.16b). When the slope of the interface was 15°, 
funneled flow arose evidently along the interface and three 
fingers appeared (Figure 4.16c). When the slope of the inter- 
face was 30°, funneled flow and, subsequently, one finger were 
generated (Figure 4.16d). 


Preferential Flow 147 


Distance (cm) 
0 20 40 60 80 100 120 140 160 180 


Depth (cm) 
O -E N 
© ro) © 


œ 
fo) 


Colored streamline Finger 


Figure 4.17 Colored streamlines in the larger container under a 
steady rain of 100 mm h ?. 


Figure 4.17 shows the colored streamlines of a steady 
flow of water in the top sand layer and subsequent fingering 
flows in the second, coarse bead layer generated in the larger 
container under a constant rain intensity of 100 mm h *. The 
interface was inclined 10.9° and 16 fingers appeared in the 
coarse bead layer. Figure 4.18 shows the case when the rain 
intensity was 50 mm h~t, when seven fingers appeared in the 
coarse layer. 

The numbers of fingers in each experiment and their 
average thicknesses are given in Table 4.3. The thickness of 
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Figure 4.18 Colored streamlines in the larger container under a 
steady rain of 50 mm h™t. 
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the finger in Run 9, where the slope of the interface was 30°, 
should be abandoned because the wall of the board container 
had a noticeable influence on the fingering flow. 

Figure 4.19 illustrates the change in matric head with 
time from the start of rain, measured 1 cm above the interface 
between the upper fine sand and the lower coarse beads. The 
horizontal distances where tensiometers were embedded are 
given in the figure. There was a sudden but slight decrease in 
the matric head at the point closest to a finger just as the 
finger was developing. 


C. Qualitative Features of Funneled Flow 


All the experimental results mentioned above demonstrate 
the features of funneled flow and subsequent fingering flow 
in layered soils. Figure 4.20 shows a conceptual funneled flow 
and subsequent fingering flows in a layered soil where a 
coarser layer is overlaid by a finer layer. L; (i = 1, 2,..., n) 
denotes the distance between the fingers numbered i — 1 andi, 
l;@ = 1, 2,..., n) denotes the width of the area in the upper 
fine sand layer that controls the flux of the finger numbered 1, 
and n is the total number of fingers. 
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Figure 4.19 Change of matric heads 1 cm above the interface. 
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Figure 4.20 Conceptual funneled flow and subsequent fingering 
flows in layered soil. 


There are five conspicuous features in these flows: 


1. The horizontal distance L4, the distance between the 
left sidewall and the location where the first finger 
appears, is proportional to the inclination œ. 

2. The average value (L), defined by 


_Lg+Lgt-:+In 


(L) -i (4.12) 
does not depend on the inclination @. 

3. The average value (l), defined by 
[ee ais (4.13) 


n 


does not depend on the inclination œ. 

4. The average value (L) is inversely proportional to the 
intensity of precipitation r. 

5. Finger thickness does not depend on the inclination 


o. 
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D. Modeling Funneled Flow 
1. Saturated Funneled Flow Model 


Figure 4.21 shows a simple model of saturated funneled flow 
and subsequent fingering flows with a unit thickness, where 
the width of the controlled area l; is assumed to be equal 
to the distance of fingers L;. When a fine layer is in contact 
with an underlaid coarse layer and the interface is inclined, 
the constant vertical downward flux will accumulate 
above the interface and will induce saturated funneled flow 
along the interface. Since the cross section of the saturated 
funneled flow is inclined as shown in Figure 4.22, the rate of 
saturated funneled flow Q (m? s~*) is given by 


_ ig (Adm 
= “(ae 


where K, is the saturated hydraulic conductivity of funneled 
flow, wm is the matric head, X is the distance along the in- 
clined interface, ¢ is the inclination of the slope, and 7 is the 
thickness of saturated funneled flow. 

Since both 7 and Q increase with the dip along the inter- 
face, the first fingering flow will appear at a distance of L, (m), 
where the thickness 7 and rate Q will have maximum values 
of Tmax and Qmax, respectively. The simple model of saturated 


— sin 6) TCOS Q (4.14) 


Figure 4.21 Simple model of saturated funneled flow and subse- 
quent fingering flow with a unit thickness. 
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Figure 4.22 Scaled-up funneled flow. 


funneled flow assumes that the mass balance equation for 
fingering flow is given by 


Qmax = QvLy (4.15) 


where q, is the constant vertical flux (m s~'). Hence, the 
distance L, is equal to the value Q,,,;/q,. Taking account of 
the assumption that funneled flow is saturated in this model, 
the matric head gradient 0y,/OX is zero. The maximum rate 
of funneled flow is, therefore, given by 


Qmax = K; sin ¢ Tmax Cos ¢ 
_ Kstmax Sin 2¢ (4.16) 
eS 


Figure 4.23 gives a classic capillary model of water retention 
in a thin tube open to a thick tube in which water is held by 
capillary force. The condition for holding the capillary water 
is given by 


Pw8T <2 Ow G-a) (4.17) 


where pw is the density of water, g is the constant of gravity, 
tis the height of capillary water (which is assumed to be equal 
to the thickness of funneled flow), ow is the surface tension 
of water, r is the radius of the thin tube, and R is the radius of 
the thick tube. By applying this capillary water model to 
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Figure 4.23 Capillary model of water retention in a thin tube 
open to a thick tube. 


saturated funneled flow at the interface, Kung (3) defined the 
maximum thickness Tmax of saturated funneled flow by 


2ow (1 1 
max ——_ _\|— 7p 4.1 
PwS G z) ae 


where r is the equivalent radius of the finer capillary and R is 
the equivalent radius of the coarser capillary. Substituting 
Equation (4.18) into Equation (4.16), we obtained the max- 
imum rate of funneled flow as 


_ Ksowsin2¢ /1 1 
Qmax = a G z) (4.19) 


Substituting Equation (4.19) into Equation (4.15), we eventu- 
ally obtained the distance where the first fingering will 
appear as 


li= 


Kow sin 2¢ G z) (4.20) 


Av PwS r R 
The thickness of funneled flow beyond the distance Lı 


may be zero but will increase again with distance downward 
along the interface until the thickness of 7 reaches Tmax, When 
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the second finger will occur. Funneled flow and subsequent 
fingering flows will thus repeat at regular intervals unless 
boundary conditions affect the flow. 


2. Unsaturated Funneled Flow Model 


Ross (19) investigated funneled flow theoretically, referring 
to subsequent fingering flow as a capillary barrier because 
the controlling physical mechanism is the capillary pressure 
developed in the fine-grained soil, which prevents water from 
entering the larger pores of the coarse soil. Figure 4.24 de- 
notes the unsaturated flux of water q and its components 
in the top fine soil layer, where q, is the component in the 
direction of the x-axis that is parallel to the interface, q, is the 
component in the direction of the z-axis whose origin is equal 
to the interface, and qr is the horizontal component of q. Ross 
(19) assumed that the integrated value of qn in the top fine soil 
layer is related to funneled flow and subsequent fingering 
flow. 
The component qr is given by 


dh = qx cOSd+q; Sind (4.21) 


Land surface 


Fine soil layer 


f A 
Coarse soil layer x 


Figure 4.24 Unsaturated flux and its components. 
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where qx and q; are defined by 


= Om .. 

qx = —K é; — sin 6) (4.22) 
O Om 

qz = -K (> + cos 6) (4.23) 


in which K is the unsaturated hydraulic conductivity of fine 
soil, Ym is the matric head of water, and œ is the inclination 
of the interface. Substituting Equations (4.22) and (4.23) 
into Equation (4.21) and assuming that 07),,/OX is zero in 
the capillary barrier (funneled flow), we obtain 


Ohm 
OZ 


The total amount of funneled flow is given by integrating 
Equation (4.24) in the vertical direction as shown in Figure 
4.25 such that 


qn = -K sind (4.24) 


dZ 
Q= |/an(z) Sone (4.25) 
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Figure 4.25 Vertical distribution of the component gy. 
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where Q is the integrated flow of water in the horizontal 
direction. Substituting Equation (4.24) into Equation (4.25), 
the integration becomes 


Q=-tand f K dym (4.26) 


Ross (19) assumed that the unsaturated hydraulic conducti- 
vity is given by 


K = K, exp (bym) (4.27) 


where K, is the saturated hydraulic conductivity and b 
is the parameter determined experimentally. Substituting 
Equation (4.27) into Equation (4.26), the integrated flow is 
denoted by 


=- kng J exp (bm) dtm (4.28) 


The maximum value of Q is given by integrating from Ym at Z 
= 0 to Ym at Z = œ such that 


Wm (oo) 

Qmax = —Ksg tan o exp (bum) dim 

%m(0) (4.29) 
t 

= -PÉ tigi] - Klm} 
Since K[yYm(0)] is always less than K, and Klu,(co)] is 
regarded to be equal to qy, the vertical downward flux near 
the soil surface being positive regardless of the axes, Ross (19) 

obtained the diversion capacity 


tan @ 
b 
Applying this diversion capacity to Equation (4.15), we can 


obtain an estimation of the distance Lı where the first finger 
will appear in the coarse soil layer such that 


poe (= z 1) (4.31) 
b \qvy 


Qmax < (Ks — qy) (4.30) 
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3. Further Extension of the Models 


Three major points remain to be considered when determin- 
ing whether to apply the saturated model given by Equation 
(4.20) or the unsaturated model given by Equation (4.31) to 
the actual funneled flows. The first is how to determine the 
equivalent radius of finer capillary r and the equivalent ra- 
dius of coarser capillary R in the saturated funneled flow 
model. One of the most reliable estimations of the equivalent 
radius of a capillary was given by Tabuchi (23), who showed 
theoretically that the menisci of water in pores of sphere- 
packed materials are spheroidal rather than spherical. Taking 
account of this theory, the value of r or R (cm) is estimated by 


0.12 


rorR= re 


(4.32) 


where he is the air entry suction of the sphere-packed mate- 
rial. For example, when h, of a sphere-packed material is 
35 cm, its equivalent radius is estimated to be 0.00343 cm; 
when Ae is only 1 cm, its equivalent radius is 0.12 cm. Thus, 
if the latter material is overlaid by the former, the value r 
is 0.00343 cm and R is 0.12 cm, resulting in a Tmax value of 
42.0 cm. 

Another estimation of r and R is given by using the 
scaling theory of the similar-media concept (see Chapter 9). 
When a soil denoted A is assumed to be similar to a compara- 
ble soil B whose saturated hydraulic conductivity K,(B) and 
air entry suction he(B) are known, the unknown air entry 
suction h,(A) is estimated using the scaling theory (24) 


K.(A)he(A)? = K,(B)he(BY” (4.33) 


where K,(A) is the saturated hydraulic conductivity of soil A. 
For example, if K,(B) is 5 x 107° cm s-! with a h,(B) value of 
35 cm, and if KA) is 10°? cm s+, the value of h,(A) is 
estimated to be 78.3 cm, and using Equation (4.32), the 
equivalent radius in the pores of soil A is determined to be 
0.0015 cm. Many other methods of estimating the equivalent 
radius of r and R may be useful. It is important, however, to 
note that the value of Lı in Equation (4.20) is very sensitive 
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to the values r and R, and therefore these parameters have to 
be determined very carefully. 

It remains to determine the parameter b in Equation 
(4.27) and to investigate the sensitivity of the resultant equa- 
tion (4.31) to the value b in the unsaturated funneled flow 
model. When a soil has a distinct air entry value Yme (negative 
value) in its soil moisture characteristic curve, the unsatur- 
ated hydraulic conductivity should be, as pointed out by 
Steenhuis et al. (25), approximated by 


Kelk for 0<h <he 


K, exp[l-b(h +he)] for he <h (4.34) 


By using Equation (4.34) instead of Equation (4.27), Equation 
(4.31) is replaced by 


L < tanl (= 1) K (he hv) (4.35) 


qv 


where hw is the water entry suction of the coarse layer. Since 
the value of L is very sensitive to the value b, the appropriate 
adoption of the unsaturated hydraulic conductivity function is 
crucial in the unsaturated funneled flow model. 

It also remains to measure L; experimentally. When we 
measure Lı from, say, Figure 4.17 or Figure 4.18, the differ- 
ence between the diameters of the fingers and the thickness of 
the Hele-Shaw model must be taken into account. Figure 4.26 
is a three-dimensional illustration of the funneled flow and a 
fingering flow, where W is the width of the Hele-Shaw model 
and fis the diameter of the finger. If W is equal to f, the flows 
may have the characteristics of two-dimensional flows in 
which all the funneled flow will be directed into the finger. 
If, on the other hand, W is larger than f, the funneled flow will 
be concentrated into the finger and the effect of the concen- 
tration will increase with the increased difference between 
W and f. The new factor, defined by 


pos (4.36) 
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Figure 4.26 Relation between the width of funneled flow W and 
the width of fingering flow f. 


is useful to correct the measured value L4, and é is termed a 
catchment factor. When the value of é is large, the location 
where the fingering occurs will approach the upside of the 
sloping interface, whereas when the value of é is small, the 
location where the fingering occurs will be down away along 
the sloping interface. When the value of é is below 1, the 
diameter of the finger is restricted by the width of the Hele— 
Shaw model and this type of correction may not be applicable. 
Thus, experimental values of Lı are corrected by multiplying 
the catchment factor é for a comparison of saturated and 
unsaturated funneled flow models, both of which are two- 
dimensional models. 


E. Relation between Theory and Application 


Both the saturated funneled flow model and the unsaturated 
funneled flow model provide the theoretical prediction of the 
horizontal distance L4, the distance between the left sidewall 
and the location where the first finger appears. All the experi- 
mental values obtained from Runs 1 to 9 are comparable with 
these model calculations. 
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The parameter values in Equations (4.20) and (4.35) were 
determined experimentally. Table 4.4 gives these values for 
Runs 1 through 9 in Table 4.3. The extended modifications of 
the funneled flow models given above were used to determine 
the parameters. The values of Lı were obtained by multiply- 
ing the catchment factor £ by each measured distance of the 
first fingers in each Hele-Shaw model. Figure 4.27 shows the 
comparison between predicted and measure distances Lı of 


Table 4.4 Values of Parameters in Equations (4.20) and (4.35) 


Parameters Value 
K; Saturated hydraulic conductivity of sand 2.45 x 107°? cm s™t 
Ow Surface tension of water at 20°C 72.75 N m`! 
Pw Density of water lgem ? 
g Constant of gravity 980 cms 
R Equivalent radius of coarser capillary 0.0239 cm 
r Equivalent radius of finer capillary 0.00467 cm 
b Experimental constant in Equation (4.29) 0.245 
he Air entry suction of finer layer 27.4 cm 
hw Water entry suction of coarser layer 5 cm 

50 T T T T 

e Modified Ross model, Equation (4.35) 

40L O Kung model, Equation (4.20) | 
Ẹ o 
2e 30 4 
J 
ne} 
2 
2 
8 20 7 
a 

10 4 

0 10 20 30 40 50 


Measured L, (cm) 


Figure 4.27 Comparison between predicted and measured dis- 
tance L, of capillary barrier. (After Miyazaki, T., Trans. Jpn. Soc. 
Irrig. Drain. Reclam. Eng. 179:49-56 (1995). With permission.) 
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each capillary barrier. Even though the modified Ross model 
(Equation (4.35)) gives slightly better predictions to the meas- 
ured values than Kung model (Equation (4.20)) does, both 
predictions are obviously underestimating the measured va- 
lues. These underestimations may be attributed to the neglect 
of curving of vertical down streamlines in these models that 
appear in the upper layer, typically seen in Figure 4.17 and 
Figure 4.18. 
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I. WATER BALANCE ON SLOPES 


Water balance is defined as the quantitative relation among 
integrated input (Qin), output (Qout), and storage (AS) in a 
given space and a given time, and is described by 


Qin = Qout + AS (5.1) 


The required space for defining a water balance is generally 
called the representative element volume (REV). When the 
REV is given along a slope, as shown in Figure 5.1, the 
water balance is 


P+ + Rin + Lin = ŒE +T + Rout + Lout + Qa) 
+ (AS; + AS») (5.2) 


where the input is composed of the precipitation, P, the quan- 
tity of irrigation, [,, the inflow of surface water, Rin, and the 
lateral inflow of soil water, Lin; the output is composed of 
evaporation, E, transpiration, T, surface runoff, Rout, lateral 
outflow of soil water, Lout, and downward drainage, Qa. The 
change of storage is composed of two terms, surface storage, 
AS,, and subsurface storage, AS». 

When the REV is divided by the land surface, the balance 
of surface water and the balance of soil water are given sep- 
arately. The balance of surface water is 


P+i,+Rp =E4+T+ Rox +I + AS: (5.3) 
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Figure 5.1 Water balance of a representative element volume 
along a slope. 


and the balance of soil water is 
I + Lin = Lout + Qa + AS2 (5.4) 


where J denotes infiltration from the surface into slopes. 
When the water balance is integrated over a long term, say 
l year, any changes in AS; and AS» are eliminated. 


Il. MOISTURE CONDITIONS IN SLOPES 
A. Topographical Effects on Moisture Condition 


Typical slopes consist of top, shoulder, midslope, foot, and 
bottom, as shown in Figure 5.2, and are classified according 
to their degree of incline in relation to flat land (less than 
about 3°): gentle slope, slope, steep slope, very steep slope, and 
precipice (greater than 60°). Generally speaking, the top and 
shoulder of a slope are drier and the foot and bottom of a slope 
are moister. 

Figure 5.3 shows an example of the distribution of mois- 
ture with the bulk density of surface soil along a natural 
midslope of 25° covered with grass (1). Along the slope no 
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Figure 5.2 Names of portions of a slope. 
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Figure 5.3 Moisture condition of surface soil along a natural 
midslope. (After Miyazaki, T., Pedologist 31(2):54-64 (1987). With 
permission. ) 
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tendencies are evident for either volumetric water content or 
bulk density. However, even a small topographical alteration 
through cutting or banking of soil influences the moisture 
condition of the slope. 

Figure 5.4 shows suction changes in surface soils at the 
cut side (solid line) and the banked side (broken line) (2). When 
soil was continuously in a drying state, suction on the banked 
side was higher than suction on the cut side, where as when 
the soil was wet by a rain on July 30, suction on the banked 
side decreased less than did suction on the cut side. The 
change in soil structure caused by artificial banking may 
have caused the easy-to-dry soil and easy-to-wet soil in the 
slope. 

The existence of an impermeable layer clearly dominates 
the flow of water in a slope. Ooeda et al. (3) poured ©°Co onto 
a slope having an impermeable layer at a depth of 30cm, as 
shown in Figure 5.5, and traced the lateral water flow by 
monitoring the radiation counts of soil samples. The num- 
bered curves in Figure 5.5 are contours of the activities 
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Figure 5.4 Moisture condition of surface soil along a cut and 
banked slope. (After Matsuda, M. and Yamada, N., Bull. Kagawa 
Univ. Fac. Agric. 22(2):113-117 (1971). With permission.) 
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Figure 5.5 Contours of the activities (cpm) of ®°Co in a slope. 
(After Ooeda, M., Fujioka, Y., Katsurayama, K., and Tajima, S., 
Trans. Agric. Eng. Soc. Jpn. 2:15-81 (1961). With permission.) 


(counts per minute [cpm] per 20 g of dry soil). It was confirmed 
that subsurface lateral flow was predominant just above the 
impermeable layer in this slope. 

Concave and convex topographies of slopes also influence 
the moisture condition in slopes. Philip (4—6) classified slopes 
as planner slopes, divergent slopes, convergent slopes, con- 
cave slopes, and convex slopes. 


B. Slope Failures and Moisture Conditions 


It is often pointed out that moisture conditions in slopes have 
an influence on slope failure. Miyazaki (7) investigated the 
relation between type of slope reclamation on farmland and 
type of slope failure under conditions of heavy rain in south- 
west Japan. He classified slope reclamation on farmland into 
four types: 


1. Reclamation in which the original rolling topography 
is changed into gentle, wide slopes through much soil 
banking and cutting by using heavy machinery. 

2. Reclamation in which natural slopes are rearranged 
through less extensive soil banking and cutting than 
that in type 1, to construct operating roads and op- 
erating facilities. 
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3. Reclamation in which natural slopes are used to the 
extent possible and the slopes undergo only partial 
amendment for the construction of operating roads 
and facilities. 

4, Terracing reclamation in which slopes are developed 
in small flat fields through small amounts of soil 
banking and cutting. 


The slope reclamation methods listed above are those 
typically used in Asian countries. Miyazaki classified slope 
failure into the following three categories (Figure 5.6): 


1. Large-scale slope failure 
2. Collapse at the foot of long slopes 
3. Slide or collapse of small slopes 


Table 5.1 is a matrix of the number of slope failures 
classified by type of slope reclamations and slope failure. It 
is evident that a correlation exists: the larger the scale of 
reclamation, the larger the scale of slope failure. In elaborate 


Case 1 


Case 2 


Case 3a Case 3b 


Figure 5.6 Three categories of slope failures in Mitoyo County, 
Japan. (After Miyazaki, T., Jpn. Agric. Res. Q. 20(3):174-179 (1987). 
With permission.) 
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Table 5.1 Classification of Slope Failure by Type 
of Slope Reclamation and Type of Slope Failure 


Type of slope failure 


Type of reclamation 1 2 3 
1 25 0 0 
2 19 15 0 
3 8 14 12 
4 0 3 0 
Total 96 


field investigations of large-scale slope failures, plant layers 
sandwiched between the original slopes and the banked soils 
were observed in all cases. These layers had presumably been 
buried during large-scale reclamation of the slopes (type 1). 
Figure 5.7 shows the average volume fractions of soils 
in the vicinity of the sandwiched plant layers, whose average 
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Figure 5.7 Average volume fractions of soils in the vicinity of 
sandwiched plant layers. (After Miyazaki, T., Jpn. Agric. Res. Q. 
20(3):174-179 (1987). With permission.) 
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thickness is about 3cm. The plant layers have small solid- 
phase fractions, high porosity values, and high saturated 
hydraulic conductivity values. Miyazaki (7) suggested that 
a significant relation may exist between large-scale slope 
failure and the existence of buried plant layers in large- 
scale-reclaimed slopes. 

Figure 5.8 shows experimental results for slope failure in 
a model slope of sandy loam, in which a plant layer 3-cm thick 
is buried artificially. The model slope, whose inclination is 
about 15°, is 1.6-m wide, 1-m deep, and 0.2-m thick. Water 
was supplied by a perforated polyvinyl pipe inserted vertically 
in the upside of the slope, as shown in the figure. The entire 
slope was saturated with water 24h before the experiment 
and was subsequently drained from the bottom. It was ob- 
served in this experiment that water concentrated in the 
sandwiched layer, washing away the sandy loam around the 
plant layer, resulting finally in slope failure at the lower tip of 
the model slope, as shown in Figure 5.8, where the initial form 
of the slope is denoted by dashed lines. The effects of such a 


Water supply 


Sandwiched 
plant 


Figure 5.8 Concentration of lateral water flow in a sandwiched 
plant layer and the resultant digging of soil in a model slope whose 
initial form is denoted by the dotted line. 
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sandwiched plant layer on the stability of natural slopes are, 
however, still somewhat vague. 


Il. INFILTRATION INTO SLOPES 


A. Potential Profiles During Infiltration 
into Slopes 


In a rainstorm, when infiltration begins on a slope, the wet- 
ting front, and therefore the contour of matric potential, 
advance downward, remaining parallel to the surface of the 
slope. Figure 5.9 shows a wetting front 200 min after the start 
of infiltration in a model slope of sandy loam under an artifi- 
cial rainfall of 20 mm h~t. The model slope is the same as that 
used in Figure 5.8. The wetting front retained its shape 
parallel to the slope. 

To determine more clearly the shape of the wetting 
front in a slope, Miyazaki (1) measured changes in the two- 
dimensional matric head profile during infiltration under 
an artificial rainfall of 20mmh ' by using a slope-adjustable 
lysimeter 10-m long, 2-m wide, and 1-m deep and a rain 
generator with 2500 nozzles, as illustrated in Figure 5.10, 
where 100 tensiometers were installed from the sidewall of 
the lysimeter. All the equipment was set up inside a labora- 
tory. Andisol (light clay) with an air entry value me of —40 cm 
and a water entry value Wj, of approximately —20cm was 
packed in the lysimeter and the surface was ridged along the 
contour of the slope to permit temporary surface storage of 
rainfall. The soil in the lysimeter was wetted several times 
by the rain generator and kept in static stability for more 
than 1 month. 

Figure 5.11 shows the equipotential lines during infiltra- 
tion by rain; here the numbers represent the values of the 
matric heads ,, and the crosshatching indicates the satur- 
ated zone, where the matric head values are between zero and 
mw (i.e., —20 cm). It is clear from this experimental result 
that in a uniform soil on a slope, equipotential lines advance 
downward, maintaining the shape parallel to the slope during 
infiltration by rain. This feature may be applicable to the top, 
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Figure 5.9 Wetting front, designated by the interface between the 
dark zone (wet zone) and the light zone (dry zone), after 200 min of 
the start of infiltration in a model slope of sandy loam. 


middle, and bottom parts of natural slopes but may not be 
applicable to the shoulder or foot of natural slopes, where 
the concentration or diversion of subsurface water flow has 
a greater influence on the advancement of equipotential lines 
during infiltration. 
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Rain simulator 


Figure 5.10 Slope-adjustable lysimeter equipped with artificial 


rain generator. 
Matric head, -ym (cm) 


Figure 5.11 Movement of equipotential lines during infiltration 
under an artificial rainfall of 20 mmh™*. 
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1 Gradient of matric head 
2 Gravity 
3 Resultant force 


Figure 5.12 Driving force of infiltration and components. 


B. Flux During Infiltration into Slopes 


The driving force of infiltration is composed of two compon- 
ents, the gradient of matric potential and the gravity, as 
shown in Figure 5.12, where the driving force is shown be- 
tween the two forces. Figure 5.13 shows the conceptual rela- 
tion between the flux of rain r and the flux of infiltrated water 
q in the slope, where the x-axis is positive along the downslope 
of the surface and the z-axis is positive upward rectangular 
to the slope surface. It is assumed that the flux of rain is less 
than the infiltration capacity of the soil, which is defined as 
the flux across the soil surface under ponded water. If the flux 
of rain is greater than the infiltration capacity, the excess 
water will cause surface runoff on the slope. 

In Figure 5.13, the continuity of the flux of rain r and 
the flux of infiltration q(z = 0) at the surface of the slope is 
described by 
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Figure 5.13 Refraction of flux of water in (a) early stage and (b) 
subsequent stage of infiltration. 


r cosa = q(z = 0) cos 8 (5.5) 


where r and q are the absolute values of fluxes r and q, 
respectively, a is equal to the angle of the slope ¢, and B is 
the refraction angle at the soil surface, the latter being equal 
to the angle between the soil surface and a section normal to 
the flux q(z = 0). Assuming that the soil is isotropic, the flux q 
at any depth in the slope is decomposed into two components, 


qx = -K (= — sin a) (5.6) 
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dz = — (Fe + cos a) (5.7) 
Oz 


where qx is the component in the direction of the x-axis, q, is 
the component in the direction of the z-axis, and K is the 
unsaturated hydraulic conductivity, which is a function of 
the matric head y, of the soil water. It is evident that the 
flux of water at the soil surface of the slope q(z = 0) is also 
decomposed into Equations (5.6) and (5.7), and their ratio is 
given by 


4 _ tan 6 (5.8) 
qz 
Substitution of Equations (5.6) and (5.7) into Equation (5.8) 
yields 
sina 


aips cos a + (0 Ym/3zZ)-=0 (aR 


This equation means that at the beginning of a rainstorm, 
when the matric head gradient (Yym/ôz)z=0 is large enough 
at the surface of the slope, a refraction of flux occurs at the soil 
surface as shown in Figure 5.13(a). 

When the wetting front advances deeply, the matric head 
gradient at the soil surface (Ou,/0z)z-9 may be very small and 
the incidence angle a of rain and the refraction angle 6 of 
the flux in the soil may be almost equal, as shown in Figure 
5.13(b). Since the wetting front advances downward, main- 
taining the front parallel to the slope surface during infiltra- 
tion, the matric head gradient in the vicinity of the wetting 
front is directed inside the slope and the flux there may bend 
inside the slope as shown in Figure 5.13(b). The directions of 
all the fluxes in the slope are given by 


y= tant (5.10) 


qz 


where y is the angle between the z-axis and the flux q and is 
equal to 6 at the soil surface. 
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C. Equation of Flow 


The equation of two-dimensional flow in a slope is given by 


OO (0qx ðqz 
ot = (3+) (5.11) 


where q, and q, are defined by Equations (5.6) and (5.7). Ina 
long slope, the matric head gradient along the x-axis, 0W/Ox, 
may be zero during infiltration since the wetting front is 
parallel with the slope surface during infiltration. Hence, 
substituting Equations (5.6) and (5.7) into Equation (5.11), 
we obtain the one-dimensional equation 


Oe m2 (x) + cosa E) (5.12) 


Ot Oz Oz Oz 


The boundary condition of a constant rain intensity r and the 
initial condition of a constant volumetric water content 09 are 
given by 


rcosa=q;, z=0,t>0 (5.18a) 
96=%, z<0,t=0 (5.13b) 


By substituting Equation (5.7) into Equation (5.13a), the 
boundary condition can be rewritten as 


GEL cos a (ze ! 1) (5.14) 


Assuming that the slope is long, homogeneous, and semi- 
infinite, Equation (5.12) subjected to the initial condition 
(5.13b) and the boundary condition (5.14) is solved approxi- 
mately by a numerical method. 

Figure 5.14 shows an example of numerical solutions for 
various angles of a slope of sandy loam. A simple explicit 
finite-difference technique was used for solving Equation 
(5.12). The input data in the calculation were given from 
experimental measurements. The rain intensity r was 
20mmh™t, the initial volumetric water content 6) was 
0.01 cm? cm™?, and the saturated volumetric water content 6, 
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was 0.414cm*cm °. Figure 5.15 illustrates the measured 
water retentivities of both wetting and drying processes, and 
Figure 5.16 shows the unsaturated hydraulic conductivities 
measured with the steady-state method. The drying curve of 
water retention was approximated by a sigmoid curve, 


gN ~3:10 
log — Ym) = 1.00 + 0.35 In (2) -1 (5.15) 
and the wetting curve was approximated by 
gN -182 
log Œ vn) = 0.82 + 0.35 In (ž) -1 (5.16) 


The unsaturated hydraulic conductivity was approximated by 
the empirical equation 


12.5 
= 5.17 
(— Ym) + 4460 ae 


10° 
Drying curve 


Equation 
(5.15) 


Equation à 
(5.16) œ 


Matric head, -ym (cm) 


0 0.1 0.2 0.3 0.4 0.5 
Volume water content, 6 (em? cm-) 


Figure 5.15 Water retentivity of sandy loam in wetting and dry- 
ing processes. 
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Figure 5.16 Unsaturated hydraulic conductivity of sandy loam 
and coarse grain. 


A simulation was conducted using both the drying curve (5.15) 
and the wetting curve (5.16) because it has not necessarily 
been confirmed which retention curve is applicable for infil- 
tration. One simple comparison of their applicability is the 
investigation of experimental and simulated downward vel- 
ocities of wetting-front advancement. Figure 5.17 shows the 
depth of wetting front versus the duration of infiltration in a 
15° slope, where the experimental wetting front was defined 
as the visual boundary between wetted and dry layers 
in Figure 5.9 and the simulated wetting fronts were defined 
as the intersection of the volumetric water content profile 
and the profile of initial water content. It is evident that the 
experimental velocity of the wetting front lies between their 
simulated velocities, obtained using the drying and wetting 
retention curves, and that the former gives the more desirable 
estimation. Hence, the simulated profiles in Figure 5.14 were 
calculated using a sigmoid approximation for the drying re- 
tention curve given by Equation (5.15). Water retentivity 
during downward infiltration may be rather higher than 
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Figure 5.17 Simulated and measured velocity of wetting front 
advancement into a 15° slope. 


that during upward wetting, which is generally used to obtain 
wetting retention curves. Practically, the use of drying water 
retention curves is recommended when one is dealing with 
downward infiltration. 

It should be noted in Figure 5.14 that there are no sig- 
nificant differences in water profile advancement among 
slopes of less than 30°, but there are quite remarkable differ- 
ences in them among slopes steeper than 30°. This evidence 
corresponds closely to the suggestions by Redinger et al. (8), 
who concluded, through numerical solution of the equation of 
vertical infiltration, that the effects of slopes of less than 30° 
are negligible for vertical infiltration. Through theoretical 
solution of the infiltration equation, Philip (4) also concluded 
that there is no significant difference among infiltrations into 
slopes of less than 30°. 
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D. Infiltration into Layered Slopes 
1. Behavior of Wetting Front in a Layered Slope 


Natural slopes are stratified to a greater or less degree due to 
organic movement, crustal movement, sedimentation, weath- 
ering, erosion, and decomposition of organic matters through- 
out their geologic history. Artificial slopes are also stratified, 
due to banking and cutting of natural slopes and to rolled 
compaction by machine traffic during the construction of 
artificial slopes. One typical type of stratification in artificial 
slopes is the sandwiched soil layer shown in Figure 5.7, where 
a plant layer is buried under banked soil. 

Stratifications in slopes have an influence on the infiltra- 
tion of water. Miyazaki (9) investigated the behavior of a 
wetting front in a model slope of 15°, in which a 3-cm-thick 
plant layer was sandwiched between layers of Masa sandy 
loam, under artificial rain conditions of 20mmh +. The 
model slope is the same as shown by Figure 5.9. Figure 5.18 
shows traces of the wetting front at 10-min intervals. Down- 
ward advancement of the wetting front retained a constant 
velocity during the initial 300 min. The wetting front halted 
when it reached the interface between the top sandy loam 
and the second plant layer. Most water leakage, into the 
second and third layers, occurred at the lower edge of the 
slope; slight leaks appeared at the lower part of the interface. 


2. Cessation of Wetting Front at Inclined Interface 


Reasons for the apparent cessation of wetting fronts at the 
boundary between top fine material and second-layer coarse 
material were given by Miller and Gardner (10), who found 
that the wetting front halts for a time at the horizontal inter- 
face between the top clay layer and the second, sand layer. 
Hillel (11) summarized their statement as follows: “Water at 
the wetting front is normally under suction, and this suction 
may be too large to permit entry into the relatively large pores 
of the coarse layer.” The classic capillary model, illustrated in 
Figure 4.19 and corresponding equation (4.11), is certainly 
applicable to the inclined interface between the top fine 
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Figure 5.18 Traces of wetting front every 10 min in a model slope. 
(After Miyazaki, T., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
133:1—9 (1988). With permission.) 


material and the second-layer coarse material as well as to the 
horizontal interface. It should, however, be noted that water 
does not move during cessation of wetting-front advancement 
at a horizontal interface (Figure 5.19a) and lateral water flow 
takes place at an inclined interface as illustrated in Figure 
5.19(b). 

The mass balance of lateral water flow along an inclined 
interface is denoted by the model shown in Figure 5.20, where 
the x-axis is identical with the interface between the top, 
finger soil and the second, coarser soil. This lateral flow was 
termed funneled flow in Chapter 4. Applying the saturated 
funneled flow model to this lateral flow, the hydraulic prop- 
erty of the flow is given as follows. 
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Figure 5.19 Cessation of wetting front at (a) a horizontal interface 
and (b) a sloping interface. 


Z 


Figure 5.20 Mass balance of saturated lateral water flow along an 
inclined interface. 


During cessation of wetting-front advancement, the top, 
fine soil layer is divided into two parts, a region where a 
constant unsaturated downward flux q, exists and a region 
where a lateral saturated water flux q, exists. The total 
amount of lateral water flow Q (m? s7’) is given by 


Q = dxT cos ġ (5.18) 
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where 7 is the thickness of lateral water flow and @¢ is the 
angle of the inclined interface. The quantity of water W con- 
tained in a small volume in the region from x to x + dx shown 
in Figure 5.20 is given by 


W = 6,7 dx cos ¢ (5.19) 


where @, is the saturated volume water content of this region. 
The mass balance equation, including the source term qy, is 
then denoted by 

OW dQ 

— + — dx = qy dx 5.20 

A ee (ian) 
Substitution of Equations (5.18) and (5.19) into Equation 
(5.20) yields 

OT OT 

6, —— —— 5.21 
where both water content 6, and flux q, in this saturated 
region are constant. Taking account of the definition that the 
average pore water velocity of saturated lateral water flow v is 


qx 
== 5.22 
v 0. ( ) 
we obtain 
ƏT OT WW 
ðt ax O (22 


This is the equation of saturated funneled flow along the 
inclined interface, a wave propagation equation (see the ap- 
pendix of Chapter 2) whose propagation velocity is v, and is 
a kinematic wave equation as well as an equation of surface 
runoff on a slope. 

As mentioned in Chapter 4, the saturated funneled flow 
of water along the inclined interface between the top (finer) 
and the second (coarser) soil layers does not continue infin- 
itely, but leaks into the second lower layer when the flow is 
disturbed by an obstacle or when the thickness of the lateral 
flow 7 is so large that condition (4.11) does not hold. This 
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leaking flow is the fingering flow subsequent to funneled flow 
discussed in Chapter 4. 


IV. CAUSES OF SURFACE RUNOFF 


A. Infiltration Capacity and Horton Overland 
Flow on a Slope 


Infiltration capacity was defined by Horton (12) as the max- 
imum infiltration rate of falling rain (or melting snow) in a 
given soil. Since the infiltration rate is the flux of water across 
a land surface into soil, the maximum flux of water across a 
land surface into soil is equal to the infiltration capacity in flat 
land. However, the infiltration capacity in a slope f, is not 
necessarily equal to the infiltration capacity in a flat land f,, 
but generally exceeds it, especially in the early stage of in- 
filtration. 

Figure 5.21 designates the relation between infiltration 
capacity f, and the maximum infiltration rate qmax in flat 
land, a gentle slope, and a steep slope. Since the flux of 
water in the early stage of infiltration is induced mainly by 
matric head gradients, the contribution of gravity is assumed 
to be negligible. On flat land, f, is equal to qmax according to 
the definition of infiltration capacity. On a gentle slope, the 
same influx refracts at the land surface due to the refraction 
law (see Chapter 3), and the refracted flux is slightly less than 
dmax- On a steep slope, the same influx refracts more at the 
land surface, resulting in less flux than qmax in the soil. Note 
that all the crosshatched areas separated by land surfaces in 
Figure 5.21 (rectangle or parallelogram) are equal. 

The quantitative relation between f; and the flux q(z = 0) 
at the soil surface is given from Equation (5.5) as 


f 


_ cosĝ 
~ cosa 


q(z = 0) (5.24) 


where a is the incidence angle of rain flux and £ is the refrac- 
tion angle of soil water flux at the surface. 

In the early stage of infiltration on a slope, fẹ is larger 
than q(z = 0) because a is larger than g, as described in 
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Figure 5.21 Infiltration capacity f, and maximum infiltration rate 
max on (a) flat land, (b) gentle slope, and (c) steep slope. 


Figure 5.13(a), but after advancement of the wetting front 
as shown in Figure 5.13(b), f is equal to q(z = 0) since a is 
equal to B at the surface of the slope. In other words, slopes 
can absorb falling rain better than flat lands in the early stage 
of infiltration, but afterward the difference is diminished. 
Figure 5.22 shows typical changes in the infiltration capaci- 
ties of a slope and flat land with time, both of which decrease 
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Figure 5.22 Changes in infiltration capacities of various slopes. 


asymptotically to a final infiltration rate. Horton overland 
flow is thus defined as direct surface runoff where the rainfall 
intensity exceeds the maximum infiltration rate qmax at each 
slope. 

When the inclination of a slope is less than about 30°, 
the effect of the slope on infiltration capacity is negligible, but 
when the slope is steeper than 30°, the slope should be con- 
sidered in both infiltration capacity and Horton overland flow. 


B. Return Flow 


Return flow, a term of Dunne and Black (13), is the other 
cause of surface runoff. These authors explained stormflow 
hydrographs by a variable source area and overland flow 
concept, and attributed the unexpectedly quick increase 
and decrease of storm runoff in channels to the contribution 
of return flow. Return flow is defined more clearly as infil- 
trated water that returns to the land surface after having 
flowed a short distance into the upper soil horizon (14). Figure 
5.23 shows three types of return flows that cause surface 
runoff. The first flows down the seepage face of groundwater 
on the stream bank, the second flows down the seepage face 
of perched water on a slope (which exists not only near 
the stream bank but also on midslopes), and the third is 
the return flow from macropore outlets in slopes. Tanaka 
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Figure 5.23 Return flows causing surface runoff. 


et al. (15) showed that the majority of overland flow comprised 
return flow appearing at the soil surface through decayed 
stumps and soil pipe outlets. Figure 5.24 shows the contribut- 
ing area of return flow generated both on the seepage face 
of groundwater and from macropore or pipe outlets. Where 
return flow exists, surface runoff on a slope is the sum of the 


return flow and rain. 
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Figure 5.24 Contributing area of return arn generated from 
outlets of macropores or pipes. (After Tanaka, T., Yasuhara, 
M., Sakai, H., and Marui, A., J. Hydrol. 102:139-164 (1988). With 
permission.) 


does 


C. Crust Formation 


It is well known that the impact of raindrops gives rise to a 
crust on a soil surface. Once a surface crust has formed, the 
permeability of the top soil layer decreases and the infiltra- 
tion capacity is lowered, resulting in surface runoff under the 
rainfall. Nishimura et al. (16) demonstrated the effect of crust 
formation on surface runoff by using a special lysimeter and a 
rain simulator. Andisol (clay loam), previously sieved through 
a 3-mm mesh screen and packed in a perforated rectangular 
lysimeter 30-cm wide, 50-cm long, and 10-cm deep inclined at 
11°, was exposed under an artificial rain of 33mmh *. Figure 
5.25 shows the artificial rain intensity, rate of surface runoff, 
and rate of drainage from the bottom of the lysimeter versus 
rainfall duration. No surface runoff and no drainage occurred 
in the initial 10 min while water storage in the soil increased. 
Ten minutes after the start of the rain, drainage from the 
bottom suddenly occurred, indicating that the soil was satur- 
ated and a temporary groundwater level was formed above 
the bottom of the lysimeter. Twenty minutes after the start of 
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Figure 5.25 Changes in rate of rain, surface runoff, and drainage. 
(After Nishimura, T., Nakano, M., and Miyazaki, T., Trans. Jpn. 
Soc. Irrig. Drain. Reclam. Eng. 146:101—-107 (1990). With permis- 
sion.) 


rain, drainage from the bottom decreased rapidly asymptotic- 
ally to zero, and, simultaneously, surface runoff began, due 
possibly to the formation of surface crust. If the surface runoff 
was caused by return flow as defined above, both surface 
runoff and the maximum drainage from the bottom must 
exist, but this was not the case. 

The hydraulic conductivity of the crust, shown in Figure 
5.26, where the thickness of crust and subsoil are given by Az 


Ky AZ 


Kp AZ 


T 


Figure 5.26 Crust and subsoil model. 
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and Azo, respectively, is estimated by the synthetic hydraulic 
conductivity formula of layered soil, 


Az, + Aza Az, _ Aze 


E Ky E (5.25) 


where (K) is the synthetic hydraulic conductivity, Kı is the 
hydraulic conductivity of the crust, and Kə is the hydraulic 
conductivity of the subsoil. Since the surface crust is usually 
very thin, it is difficult to measure K; directly. Instead, it is 
possible to estimate the value of K; from Equation (5.25) by 
measuring (K) and Kə. Figure 5.27 shows the changes in 
synthetic hydraulic conductivity (K) of a 5-cm-thick soil sam- 
pled from the surface of the lysimeter mentioned above during 
the runoff experiment, and the changes in the estimated hy- 
draulic conductivity Kı of a 3-mm-thick surface crust versus 
rainfall duration. Note that K, decreased with time and 
50min from the start of rainfall, the average value of Kı 
decreased even less than 9.2 x 1074 cm s™t (33 mmh™®). It is 
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Figure 5.27 Change of synthetic hydraulic conductivity of 5- 
cm-thick soil and calculated hydraulic conductivity of surface 
crust. (After Nishimura, T., Nakano, M., and Miyazaki, T., Trans. 
Jpn. Soc. Irrig. Drian. Reclam. Eng. 146:101—-107 (1990). With 
permission.) 
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clear that crust formation on a bare soil surface explains so 
well the occurrence of surface runoff. 

Surface crust is formed mainly by being sealed with fine 
soil particles that have been aggregated before the rainfall at 
the soil surface but is dispersed by the impacts of rain drops. 
Nishimura et al. (17) investigated the effects of clod size, 
raindrop size, and initial water content on surface sealing 
experimentally by using a Japanese acid soil, Kunigami 
mahji (LiC), and a rainfall simulator. Figure 5.28 shows 
the relation between ratio of clods breakdown, defined by the 
ratio of the number of collapsed clods to the initial number of 
the clods, and kinetic water-drop energy of air dry, moist, and 
wet soils when (a) clods sizes were smaller than drop sizes, 
and when (b) clod sizes were larger than drop sizes. By com- 
paring the remarkable difference between (a) and (b) of Figure 
5.28, they concluded that when a soil clod is dry and smaller 
than a rain drop size, a slaking and resultant dispersion of 
fine particles occurs, while when a soil clod size is larger than 
a rain drop size, the clod does not easily break down and 
disperse. 

In addition, Nishimura et al. (18) investigated experi- 
mentally the effects of chemicals on surface sealing by using 
the same soil, Kunigami mahji (LiC). They found that the 
application of gypsum, widely used especially for sodic soils to 
amend their properties, is unexpectedly worse for the protec- 
tion against dispersion. Figure 5.29 shows the soil fractions 
passed through a 2-mm-mesh sieve after applying four kinds 
of electrolyte solutions, NaCl, CaClə, NazSO4, and CaS0O,. 
They concluded that, when gypsum is applied to such an acid 
soil as Kunigami mahji, Ca”* removes Al®*, a binding agent of 
acid soils, and inevitably enhances the soil dispersion. It is 
notable that Na*, a monovalent cation, does not remove Al°", 
resulting in less dispersion. The change in charge character- 
istic due to S042- adsorption in this soil also enhances the 
dispersion. In conclusion, chemical amendment to protect 
from crust formation on soil surface must be chosen appropri- 
ately based on the soil properties. 
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Figure 5.28 Ratio of clods breakdown versus kinetic water-drop 
energy for (a) smaller clod sizes than rain drop sizes, and (b) larger 
clod sizes than rain drop sizes. (After Nishimura, T., Nakano, M., 
and Miyazaki, T., Effects of clod size, raindrop size and initial 
moisture conditions on surface sealing of Kunigami Mahji soil, 
Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 199:17—22 (1999). With 
permission.) 
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Figure 5.29 Fractions of Kunigami mahji soil passed through a 
2-mm-mesh sieve when different kinds of electrolyte solutions were 
applied. (After Nishimura, T., Nakano, M., and Miyazaki, T., Effects 
of gypsum application on dispersion of an acid Kunigami Mahji soil, 
Soil Phys Conditions Plant Growth, Japan 81: 15—21 (1999). With 
permission. ) 


D. Ponding Time on Slopes 


Ponding time on slopes is the time when water starts to pond 
on a slope after a rainfall duration and subsequent saturation 
of the surface soil whose saturated hydraulic conductivity is 
smaller than the rain intensity. All the rain will infiltrate into 
the slope before the ponding time but excess water will flow 
down on the surface of the slope after the ponding time. This 
surface runoff is simply the Horton overland flow. Surface 
crust formation will reduce the ponding time. 

Zhu et al. (19), assuming a uniform soil profile, derived a 
modified analytical solution of ponding time t, on a slope a, 
based on the original analytical solution by Kutilek (20), as 


1 
tp = R cosa — K(6;) 
fs (0 — 6D D0) do 
o, (R cos a — K(0))FO — (K(@) cos a — K(6;)) (5.26) 
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where K(@) is the unsaturated hydraulic conductivity, 
D(@) is the soil water diffusivity, R is the rain intensity, and 
© = (0 — 6;)/(0s — 0i) is the relative water content with 6; being 
initial volumetric water content and 6, being saturated volu- 
metric water content. F(O) is the “flux concentration relation,” 
formulated by Philip and Knight (21), defined by 


q — K(6;) 


R- K@) (5.27) 


F(O) = 
where q is the soil water flux in the soil. 

Zhu et al. (19) demonstrated, through a numerical analy- 
sis of Equation (5.26), the dependence of ponding time on 
slope inclination. Figure 5.30 shows tp versus degree of a slope 
covered with Yolo light clay, whose saturated hydraulic con- 
ductivity is 0.04cmh™t, under very small rainfall intensities 


1400 Rainfall intensity (cm-1/h) 


1200 


= 
fo) 
Q 
O 


Time to ponding (min.) 


0 10 20 30 40 50 
Slope degree (°) 
Figure 5.30 Ponding time as a function of slope degree on Yolo 
light clay with initial volumetric water content 0.20 cm? cm~®. (After 
Zhu, D., Nakano, M., and Miyazaki, T., Numerical simulation of 
time to ponding and water flow in slope, Trans. Jpn. Soc. Irrig. 
Drain. Reclam. Eng. 194:73-80 (1998). With permission.) 
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that are still exceeding this saturated hydraulic conductivity. 
As is supposed from the infiltration capacity concept on slopes 
shown in Figure 5.21, the steeper the slopes, the larger the tp 
values, especially under very low rainfall intensities. 


V. SUBSURFACE FLOW OF WATER IN SLOPES 
A. One-Dimensional Steady Flow in Slopes 
1. Water Flow in Uniform Slopes 


Many reports have pointed out both experimentally and 
theoretically that equipotential lines of the matric head in 
slopes are mostly parallel to each slope during infiltration, 
percolation, and drainage of water. Hence, it is reasonable to 
analyze the subsurface flow of water in slopes using Equa- 
tions (5.6) and (5.7) with the assumption that the matric head 
gradient along the slope Oy,,/Ox in Equation (5.6) is zero. This 
assumption may not be acceptable around the shoulder or in 
the vicinity of the foot of a slope, where subsurface water 
tends to either diverge or concentrate. 

The equations of steady subsurface flow under the 
assumption of Oy,,/0x being zero are then 


qx = K sin ọġ (5.28) 
qz = -K e + cos 6) (5.29) 


where ¢ is the angle of the slope. Further, the flux component 
qz- is related to the rain flux r (>0) by 


qz = —rcos ġ (5.30) 


The matric head profile is obtained by integrating Equation 
(5.29) between zo and z and substituting (5.30) such that 


ese i. [é z 1) cos J Thies (5.31) 


where Zo is the reference height at which the matric head is 
mo. Equation (5.31) has been solved for the case of ¢ being 
zero by several researchers, as mentioned in Chapter 2. 
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Miyazaki (22) solved Equation (5.31) for the different 
values of ¢ by using an approximated unsaturated hydraulic 
conductivity of sandy loam given by Equation (5.17). A curve 
of K versus W is denoted in Figure 5.16 using experimental 
values. Integrating Equation (5.31) with Equation (5.17), he 
obtained 


Vm 


12.5 1 Um +a —Ym 
= 2 AR 
Zo FOSO ae [m leen arctan a 
(5.32) 
where 
0.25 
a= (= — 4460) (5.33) 
r 


Figure 5.31 shows a rectangular slope-adjustable lysimeter 50- 
cm long, 30-cm deep, and 50-cm wide filled with this sandy 
loam. The reference height zo is zero along the bottom of the 
lysimeter. 

Figure 5.32 shows the theoretical (solid lines) and experi- 
mental (dots) profiles of (a) matric head —y,,, (b) volumetric 
water content 0, and (c) lateral water flux q, in a midslope of 


x 


Figure 5.31 Sizes of a rectangular slope-adjustable lysimeter. 
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0°, 15°, and 35° under a constant rainfall of 10mm h™t. 
In the calculation, the boundary condition of matric head no 
at the midpoint of the bottom of the lysimeter was given by 


Ymo = ae sin d (5.34) 
The theoretical water contents in Figure 5.32(b) were con- 
verted from a theoretical solution of ym using Equation 
(5.15). The theoretical lateral water fluxes in Figure 5.32(c) 
were obtained by substituting the theoretical solutions of Ym 
into Equation (5.17) and then substituting the estimated val- 
ues of K into Equation (5.28). It is obvious from Figure 5.32 
that the integration technique given by Equation (5.31) is 
applicable to the one-dimensional analysis of steady rain 
percolation in midslopes. 


2. Water Flow in Layered Slopes 


In natural slopes, soils are almost always stratified due to the 
colluviation, accumulation, and weathering of soils. Figure 
5.33 shows an example of a layered slope observed at 
an outcrop in Tochigi prefecture in Japan. The interfaces 


Figure 5.33 Outcrop of a layered slope. 
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between adjacent layers are very clear and the physical prop- 
erty of each layer is markedly different. The effects of such 
layers in natural slopes as exemplified here on the flow of 
water, however, have been vague. 

Steady flow of water in a layered slope is also analyzed by 
means of the integration technique. A schematic diagram of 
soil layers parallel with a given slope is shown in Figure 5.34, 
where the saturated or unsaturated hydraulic conductivities 
of each layer were defined independently. Under a steady 
state, the components of flux in the direction of the z-axis qz 
value are always maintained constant according to the refrac- 
tion law (see Chapter 3) and are given by Equation (5.30). 
Assuming that each layer is parallel with the slope, Equation 
(5.29) is integrated at each layer and a continuous matric 
head profile is obtained. 
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Figure 5.34 Soil layers parallel to a slope and steady fluxes of 
water in each layer. 
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Figure 5.35 Sizes of a rectangular slope-adjustable lysimeter 
sandwiching a coarse grain layer within sandy loam. 


Miyazaki (22) investigated matric head profiles, both ex- 
perimentally and theoretically, under a steady rainfall in a 
slope sandwiching a very coarse grained layer within sandy 
loam layers, as shown in Figure 5.35, where zı and zə denote 
the z distances ofthe limits of the very coarse grained layer. The 
saturated hydraulic conductivity of the very coarse grained 
layer was 0.91 cm s™t, and its unsaturated hydraulic conduct- 
ivity was assumed to be 


pee (5.35) 


CUm 
which is shown in Figure 5.16. Integration of Equation (5.29) 
from zero to z (0 < z < zı) is given by Equation (5.32), in which 
Zo is zero, and integration from zı to z (zı < Z < Z2) is given by 


1 1 n -n+1| 1, -1 
= i l 
ee ra lis nfl +5 ead 
1 1.732n]" 
+3 q@q arctan > — an (5.36) 
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where 


r \1/6 
b = (S57) > "= -bym and no = —bmo 
The value of Wmo in Equation (5.36) is given by solving 
Equation (5.32) for z = zı. Integration of Equation (5.29) 
from zə to z (zə <z < D) is again given by Equation (5.32), in 
which Zp is replaced by zə. The value of ymo at z = Zə in this 
integration from zə to D is given by solving Equation (5.36) for 
Z = Z2. 

Figure 5.36 shows examples of profiles of (a) matric 
head — Wm, (b) volumetric water content 0, and (c) lateral water 
flux q, in a three-layer slope using the same lysimeter as in 
Figure 5.32. Solid lines were obtained theoretically and each 
plot was obtained experimentally under a constant rainfall of 
10mmh™t. Theoretical profiles of Ym and 0 agreed well with 
experimental values, but theoretical profiles of q, overesti- 
mated the experimental values (not presented here) of lateral 
flow. This discrepancy may be attributed to a preferential flow 
in the sandwiched very coarse grained layer, and is discussed 
later. 


B. Two-Dimensional Behavior of Water in Slopes 
1. Distribution of Flux 


One-dimensional analysis of flow is applicable to the midslope 
but not necessarily to the top, shoulder, foot, or bottom of 
slopes, as the boundary conditions at the top and bottom 
of slopes influence the flow. Miyazaki (23) measured the ma- 
tric head distribution in a layer-model slope sandwiching a 
plant layer during a steady percolation of water. He denoted 
the flux distribution in the slope as shown in Figure 5.37, 
where the quantities and directions of the flow at every site 
in the slope are given by the lengths and directions of arrows. 
The lateral component of flow was largest just above the 
interface between the topsoil and the second plant layer, due 
to the capillary barrier effect mentioned in Chapter 4. Evi- 
dently, the flux distribution at the upper site, where only a 
little flux exists in the third soil layer, is different from that at 
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Figure 5.36 Profiles of (a) matric head, (b) volume water content, 
and (c) lateral flux in various layered slopes. 


the lower site, where larger fluxes exist in both the top and 
third soil layers. 

The flux distributions in a layered slope, obtained experi- 
mentally (Figure 5.37), are affected by preferential flow such 
as that ofacapillary barrier or funneled flow along the interface 
of a soil layer. Further theoretical and experimental studies 
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Figure 5.37 Flux distribution in a model slope sandwiching a plant 
layer during steady percolation. (After Nishimura, T., Nakano, M., 
and Miyazaki, T., Effects of gypsum application on dispersion of an 
acid Kunigami Mahji soil, Soil Phys Conditions Plant Growth, Japan 
81: 15—21 (1999). With permission.) 


are required to clarify the two-dimensional behavior of water 
in slopes, including such preferential flows. 


2. Refraction in Layered Slopes 


The flux of water in a soil always obeys the refraction law. 
Figure 5.38 shows dyed streamlines in sand sandwiching a 
fine and less permeable glass beads layer, and Figure 5.39 
shows dyed streamlines in sand sandwiching a coarse and 
more permeable glass beads layer, both under a constant influx 
of 50mm h™t from the surface. The saturated hydraulic con- 
ductivities of sand, fine beads, and coarse beads are 2.45 x 10°, 
3.09 x 107, and 6.86 x 10 ‘cms ?, respectively. It may be 
striking that when the downward flow of water in sand encoun- 
ters a finer, less permeable layer, no lateral flow exists in sand 
and the flux refracts at the boundary inside the slope (Figure 
5.38), whereas when the flow encounters a coarser and more 
permeable layer, the flux bends in the down slope direction, 
causing lateral water flow in the sand layer (Figure 5.39). 
These illustrations apparently contradict general belief, 
which is that lateral water flow occurs along less permeable 
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Figure 5.38 Dyed streamlines in sand sandwiching a less perme- 
able glass beads layer. 


subsoils in slopes. The phenomenon shown here is, however, 
quite reasonable according to the refraction law of unsatur- 
ated soils (see Chapter 3), 


Kı _ tana 


Kə tang (3.4) 


where K; and Kə are the unsaturated hydraulic conductivities 
of the top, sand layer and the second, glass beads layer. In 
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Figure 5.39 Dyed streamlines in sand sandwiching a more per- 
meable glass beads layer. 


Figure 5.38, since sand is more permeable than fine beads, 
a must be larger than £. On the other hand, in Figure 5.39, 
since sand is much more permeable than coarse beads in an 
unsaturated condition, a must be much larger than £. It 
should be noted that large pores generally have very small 
permeabilities in unsaturated soils. 

Figure 5.40 gives typical refraction flows in slopes where 
K; is the hydraulic conductivity on the upstream side and Kə 
is the hydraulic conductivity on the downstream side. When 
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Figure 5.40 Typical refraction flows in slopes. 


the interface between two layers lies on a total head contour, 
no refraction occurs at the interface, because both incidence 
and refraction water fluxes must be perpendicular to the 
interface. When K; is larger than Kə, the incidence angles 
a are larger than 8, and when K; is smaller than Ko, a is 
smaller than 6. The flow on an impermeable sloping bed 
is regarded as the case where Kg is infinitely small, resulting 
in a being 90°. 


3. Mathematical Models 


Mathematical investigations of two-dimensional water flow 
in slopes enable us to understand the flow in slopes more 
realistically. Readers who are interested in the numerical 
analysis of two-dimensional water flow in slopes may refer to 
specialized books for details. A simple numerical approxima- 
tion of two-dimensional water flow is given here to estimate 
the effects on the flow of boundary conditions on the upper 
and lower ends of a slope. 
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The basic equation of steady water flow in a rectangular 
container AA’BB’, whose depth is D and length is L as shown 
in Figure 5.41, filled with soil, is given by 


V-q=-0 (5.37) 


where the symbol V is the vector differential operator and q 
denotes the flux vector of water. This container is equipped 
with an impermeable left sidewall and bottom, but allows free 
water and air movement on the upper and right sides. Hence, 
water is soaked from the soil surface AA’ and drained from the 
lower end, A'B’. Substitution of the components of q in two- 
dimensional space, given by Equations (5.6) and (5.7), into 
Equation (5.37) yields 
ð 3pm . K oð Ovm\ | OK _ 
a(K m) RE oe i = (K Oz ) Oe ae a 
(5.38) 


The boundary conditions applied to this steady flow are 
r=K, 0<x<L,z=D (5.39) 


Figure 5.41 Boundary conditions of a rectangular container. 
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for the soil surface AA’, 


Pm + cosd = 0, O<x<L, z=0 (5.40) 
for the bottom BB’, 
OU aes x=0, O0<z<D (5.41) 
Ox 
for the upper end of the slope AB, and 
Um =0, x=L+Axn, O<z<D (5.42) 


for the lower end of the slope A’B’ where Ax is a very small 
distance from the right-hand side, A’B’. There are many other 
ways of stating the boundary conditions for the problem, 
especially for the free seepage surface A'B’, which may provide 
slightly different approximations of the solution to Equation 
(5.38). 

Figure 5.42 shows numerical solutions of matric 
head distributions in the model, subjected to the following 
conditions: 


Rain intensity r = 20mmh"* 
Slope angles d = 15° and 35° 
Length L = 250 cm 
Depth D = 28cm 


Matric head profiles in the direction of the z-axis on 
50-cm intervals of the x-axis are denoted in these figures. 
The lines rectangular to the slopes at the 50-cm intervals 
represent the z-axis at every point on the slopes, and the 
points where the matric head profiles cross the z-axis are the 
groundwater levels. The groundwater level can thus be drawn 
by combining the cross points for both slopes. Many publica- 
tions deal with numerical solution of water flow in slopes, 
and readers are referred to the books by Remson et al. (24) 
and Huyakorn and Pinder (25) for details. 

Figure 5.43 shows the matric head profiles at every 25 cm 
on the x-axis of the slopes. The profiles are almost similar in 
midslope, as expected, but differ near the upper and lower 
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(a) r= 20 mm h-t 


Figure 5.42 Numerical solutions of matric head distributions in 
model slopes. 


ends of the slopes. By investigating these discrepancies, 
the distance at which matric head profiles are affected by 
the sidewalls of slopes is estimated. In this example, the 
distance of influence is estimated at about 25cm from the 
upper and lower ends of the 15° slope (Figure 5.43a) and 
about 50cm from the ends of the 35° slope (Figure 5.43b). 
The distance at which the upper and lower boundary condi- 
tions of a model slope influence the matric head distributions 
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Figure 5.43 Matric head distributions at every site of two slopes. 


depends on the rain intensity, angle of slope, soil thickness, 
and hydraulic properties of the soils. Generally, it is probably 
safe to say that the thinner the soil layers and the smaller the 
angles of inclinations, the less the distance of influence of the 
upper and lower boundary conditions of slopes. 
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C. Subsurface Flow During Long-Term Drainage 
in Slopes 


Natural slopes are almost always draining subsurface water 
except under conditions of precipitation or of absorption of 
melting snow, but moisture conditions during long-term 
drainage have seldom been measured. Hewlett and Hibbert 
(26) were the first to point out the importance of subsurface 
water flow in an unsaturated slope. They showed experimen- 
tally the lasting discharge from a large lysimeter 10-m long, 
2-m wide, and 2-m deep, in which no positive pressure head 
zone existed after the cessation of artificial rainfall. In add- 
ition, they predicted that unsaturated subsurface runoff 
would be predominant in natural slopes after the halt of 
rain. Harr and Yee (27) confirmed this prediction on natural 
slopes in the Oregon Coast Range. They found that positive 
water pressure in the soil profiles of natural slopes appeared 
only once during months of heavy rain. 

Miyazaki (1) measured the change in matric heads dur- 
ing long-term drainage using a slope-adjustable lysimeter in 
infiltration experiments (see Figure 5.10). Figure 5.44 shows 
the locations of an air entry value line (a matric head contour 
of —40 cm) in a 10° slope before and after an artificial rainfall 
of 20mmh * that lasted for 5h. The —40-cm line is indicated 
by the boundary line between the white zone (unsaturated 
zone) and the dotted zone (the saturated but negative pres- 
sure zone). Since other equipotential lines are almost parallel 
with the air entry value line, movement of soil water during 
long-term drainage from the slope may be grasped conceptu- 
ally by tracing movement of the —40-cm line. The surface of 
the slope was ridged to provide temporary ponding of water 
during artificial rain conditions. 

Figure 5.44(a) shows the initial condition of the —40-cm 
line. One hour following cessation of rain, the matric head for 
the entire slope was between 0 and —40cm. At the bottom of 
the slope, groundwater (the saturated and positive pressure 
zone) appeared, as indicated by the dark zone in Figure 
5.44(b). One day after termination of the rain, the ground- 
water disappeared and the —40-cm line was located near the 
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Figure 5.44 Location of equipotential lines of air entry value (a) 
before a rainfall and (b—d) after a rainfall. 


soil surface, parallel with the slope, as shown in Figure 
5.44(c). Figure 5.44(d) shows that the —40-cm line was still 
parallel to the slope 14days after the end of the rain. Dis- 
charge from the drain pipe installed at the bottom edge of the 
lysimeter continued for more than 14 days after halting the 
artificial rainfall. It is notable that discharge continued even 
after the groundwater disappeared and that the entire slope, 
except for the bottom edge of the lysimeter, was unsaturated. 
This result agrees well with the famous experiment by 
Hewlett and Hibbert (26) mentioned above. 

It is supposed from the discussions above that equipoten- 
tial lines will be almost parallel to the slope during long-term 
subsurface drainage, except for very soon after the half of 
rainfall, when the phreatic surface appears in the vicinity of 
the bottom of the lysimeter. The depth of the impermeable 
layer in natural soils may influence downward advancement 
of the equipotential lines during drainage. 


216 Water Flow in Soils 
REFERENCES 


1. Miyazaki, T., Topography and movement of soil water, Pedolo- 
gist 31(2):54-64 (1987). 

2. Matsuda, M. and Yamada, N., Fundamental study on optimum 
irrigation in upland fields of Setouchi district. IV. Soil water 
consumption in slopes, Bull. Kagawa Univ. Fac. Agric. 22(2): 
113-117 (1971). 

3. Ooeda, M., Fujioka, Y., Katsurayama, K., and Tajima, S., The 
study on the runoff mechanism of mountain slopes (I), Trans. 
Agric. Eng. Soc. Jpn. 2:75-81 (1961). 

4. Philip, J. R., Hillslope infiltration: planar slopes, Water Resour. 
Res. 27(1):109-117 (1991). 

5. Philip, J. R., Hillslope infiltration: divergent and convergent 
slopes, Water Resour. Res. 27(6):1035—1040 (1991). 

6. Philip, J. R., Infiltration and downslope unsaturated flows in 
concave and convex topographies, Water Resour. Res. 27(6): 
1041-1048 (1991). 

7. Miyazaki, T., Slope failures and subsurface water flow in re- 
claimed farm lands, Jpn. Agric. Res. Q. 20(3):174-179 (1987). 

8. Redinger, G. J., Campbell, G. S., Saxton, K. E., and Papendick, 
R. I., Infiltration rate of slot mulches: measurement and nu- 
merical simulation, Soil Sci. Soc. Am. J. 48:982—986 (1984). 

9. Miyazaki, T., Water infiltration into layered soil slopes, Trans. 
Jpn. Soc. Irrig. Drain. Reclam. Eng. 133:1—9 (1988). 

10. Miller, D. P. and Gardner, W. H., Water infiltration into strati- 
fied soil, Soil Sci. Soc. Am. Proc. 26:115—-119 (1962). 

11. Hillel, D., Application of Soil Physics,Academic Press, New 
York, p. 26 (1980). 

12. Horton, R. E., The role of infiltration in the hydrologic cycle, 
Trans. Am. Geophys. Union 14:446—460 (1933). 

13. Dunne, T. and Black, R. D., Partial area contributions to storm 
runoff in a small New England watershed, Water Resour. Res. 
6(5):1296-1311 (1970). 

14. Chorley, R. J., The hillslope hydrological cycle, in Hillslope 
Hydrology, M. J. Kirby, Ed., Wiley, Chichester, pp. 1-42 (1978). 

15. Tanaka, T., Yasuhara, M., Sakai, H., and Marui, A., The 
Hachioji experimental basin study: storm runoff processes 
and the mechanism of its generation, J. Hydrol. 102:139-164 
(1988). 


Water Flow in Slopes 217 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


Nishimura, T., Nakano, M., and Miyazaki, T., Effects of crust 
formation on soil erodibility, Trans. Jpn. Soc. Irrig. Drian. 
Reclam. Eng. 146:101—107 (1990). 

Nishimura, T., Nakano, M., and Miyazaki, T., Effects of clod 
size, raindrop size and initial moisture conditions on surface 
sealing of Kunigami Mahji soil, Trans. Jpn. Soc. Irrig. Drain. 
Reclam. Eng. 199:17—22 (1999). 

Nishimura, T., Nakano, M., and Miyazaki, T., Effects of gyp- 
sum application on dispersion of an acid Kunigami Mahji soil, 
Soil Phys Conditions Plant Growth, Japan 81: 15—21 (1999). 
Zhu, D., Nakano, M., and Miyazaki, T., Numerical simulation 
of time to ponding and water flow in slope, Trans. Jpn. Soc. 
Irrig. Drain. Reclam. Eng. 194:73—80 (1998). 

Kutilek, M., Constant rainfall infiltration, J. Hydrol. 45:289- 
303 (1980). 

Philip, J. R. and J. H. Knight, On solving the unsaturated flow 
equation, 3, New quasi-analytical techniques, Soil Sci. 
117(8):1—-18 (1974). 

Miyazaki, T., Water movement in soils on slopes, Soil Phys. 
Cond. Plant Growth Jpn. 49:40-47 (1984). 

Miyazaki, T., Water flow in unsaturated soil in layered slopes, 
J. Hydrol. 102:201-214 (1988). 

Remson, I., Hornberger, G. M., and Molz, F. J., Numerical 
Methods in Subsurface Hydrology, Wiley-Interscience, New 
York (1971). 

Huyakorn, P. S. and Pinder, G. F., Computational Methods in 
Subsurface Flow, Academic Press, London (1983). 

Hewlett, J. D. and Hibbert, A. R., Moisture and energy condi- 
tions within a sloping soil mass during drainage, J. Geophys. 
Res. 64:1081—1087 (1963). 

Harr, R. D. and Yee, C. S., Soil and hydrologic factors affecting 
the stability of natural slopes in Oregon Coast Range, WRRI- 
33, Water Resources Research Institute, Oregon State Univer- 
sity, Corvallis, OR (1975). 


II. 


Water Flow Under the Effects of 
Temperature Gradients 


Temperature Profile and Soil Water Flow 
MVC o LSR deca doom A A EEN ee 
Water Vapor Flow Under a Temperature 


Gradient ea a a a ed, 
A. Simple Model...........ccccccccccccsscssssssssssssssesessseeeees 
1. Isothermal Diffusion of Water 
Vapor in Soils ......cccccccccccccssssssssssssessseesesees 
2. Enhancement Factor by One-Way 
Diffusion in Soils ................cccccceeeeeeeeeeeeeeeeeees 
3. Nonisothermal Diffusion of Water 
Vapor IN- SOUS orereta nese en 
4. Limitation of the Simple Model................... 
B. Modified Model...............ccccccccccccccccecceceeeeeeeeeeeeaees 
1. Mechanistic Enhancement Factors 
of Water Vapor Diffusion ................ccccccccccceees 
2. Condensation and Evaporation in 
Water Island Model ...................::s:ssseseeeeeeeees 


220 Water Flow in Soils 


III. Liquid Water Flow Under a Temperature 


Gradients orau Season cheeses (ocho th cad eere e aara 241 
A. Driving Forces Due to a Temperature 
Gradient eeen n a Hasek ste E ies 241 
1. Gradient of Total Head Vit.........ccccccccccceceees 241 
2. Gradient of Matric Head Viby.........ccccceceeeees 242 
3. Gradient of Osmotic Head Vyro .......ccccccecceees 244 
B. Coefficients of Flow Under a Temperature 
Gradients: st cilities e edie ae 245 


C. Liquid Water Flow Due to Water Content 
Gradient, Solute Concentration Gradient, 


and Temperature Gradient..................c0cseseeeeeeees 246 

IV. Observations of Water Flow in Soils Under 
Temprature Gradients ..........ccccccccccccceeeeeeeeeeeeeeeeeaaeeees 246 
A. Observations in Closed Soil Columns ................ 246 
B. Observations in Open Soil Columns .................. 248 
C. Observations in a Field... 250 
D. An Observation with Salt Effects.........000.0...00. 253 
Appendix: Practical Estimation of Vapor Flux .................. 255 
Referents encon adrir ii i i aE aE nN 257 


I. TEMPERATURE PROFILE AND SOIL WATER 
FLOW IN FIELDS 


The temperature gradient of soil is a driving force for the 
movement of both liquid water and water vapor. Therefore, a 
daily change in the temperature profile may influence water 
movement in the soil. Figure 6.1 shows a typical daily change 
of wind velocity, net radiation from the atmosphere, rela- 
tive humidity, and air temperature near the ground, meas- 
ured simultaneously in a sand dune field in summer (1). The 
heights of each measurement are indicated in the figure. 
Figure 6.2 is the corresponding daily change of soil tempera- 
ture and volumetric soil water content at each depth. Both 
the highest temperature and the lowest temperature appear 
at the land surface, being 48°C at 1:00p.m. and 23°C at 
5:00 a.m., respectively. Although the total amount of water 
in this soil is decreasing during 24h of measurement, 
it should be noted in Figure 6.2 that there is an evident 
temporal increase in volumetric water content in the surface 
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Figure 6.1 Typical daily change of wind velocity, net radiation 
from atmosphere, relative humidity, and air temperature in a sand 
dune field. (From Miyazaki, T. and Amemiya, Y., Trans. Jpn. Soc. 
Irrig. Drain. Reclam. Eng. 48:16-22 (1973). With permission.) 


soil at midnight, although it disappears with sunrise. This 
type of temporal moisture increase in the surface zone may 
be preferable for plant growth in such fields under arid and 
semiarid weather conditions. Both liquid water and water 
vapor move in such a sand dune field by the driving forces of 
gravity, matric potential gradient, temperature gradient, and, 
presumably, solute concentration gradient. 
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Figure 6.2 Daily change in soil temperature and volume soil 
water content at each depth. (From Miyazaki, T. and Amemiya, Y., 
Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 48:16-22 (1973). With 
permission.) 


The water balance in an REV under the effects of a 
temperature gradient is as shown in Figure 6.3. The equation 
of water balance is 


AS =(P+I+C)—-E+q (6.1) 
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P I C E 


| f 
Figure 6.3 Water balance in the REV at land surface. 


where AS is the increase of water in REV, P is the precipita- 
tion, J is the irrigation, C is the condensation from the atmos- 
phere, E is the evaporation, and q is the flux of water in the 
soil. Since Equation (6.1) is a conceptual water balance equa- 
tion, the dimensions of each term must be modified appropri- 
ately in the quantitative calculations. Water flux is composed 
of the following components: 


qı (liquid flux) 
dig (induced by gravity) 
dtm (induced by matric potential gradient) 
qır (induced by temperature gradient) 
qto (induced by osmotic potential gradient) 
qv (vapor flux) 
Qvm (induced by matric potential gradient) 
qyr (induced by temperature gradient) 
qvo (induced by osmotic potential gradient) 


Flux q in Equation (6.1) is positive when it flows into the REV 
and is negative when it flows out of the REV. 

Figure 6.4 shows conceptual profiles of temperature T, 
matric potential ¢,,, and osmotic potential ¢, in semiarid or 
arid regions, where annual evaporation exceeds annual pre- 
cipitation. In the daytime, the directions of thermally driven 
fluxes qrr and qyr are downward, due to the temperature 
gradient near the land surface (Figure 6.4a). At night, how- 
ever, as the temperature profile decreases upward, qur and 
qyr may turn up (Figure 6.4b). Since annual evaporation 
exceeds the annual precipitation here, salt accumulation at 
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Figure 6.4 Profiles of temperature, matric potential, and osmotic 
potential in semiarid or arid regions (a) during the day and (b) at 
night, with resultant water flux directions. 


the land surface generally increases with time, resulting in a 
reduction of osmotic potential ¢, and in upward fluxes qo and 
qvo. If annual precipitation exceeds annual evaporation, there 
may only be a slight gradient of osmotic potential near the 
land surface due to natural leaching. The directions of other 
components of qg and qy are designated in Figure 6.4 by 
arrows. 

Brawand and Kohnke (2) measured the annually inte- 
grated amount of condensation of water vapor from the at- 
mosphere (C in Equation (6.1)) and from the lower soil layer 
(qv) in the field, separately. They estimated experimentally 
that 31mm of water vapor condensed from the atmosphere to 
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the land surface in 1 year, while 34mm of water vapor moved 
upward in the soil and condensed within the top soil layer. 

A physically based estimation of each flux given above 
will be useful in understanding the influence of the tempera- 
ture profile on soil water flow in fields. Generally speaking, 
however, quantitative predictions of each flux described above 
still have practical difficulties, due mainly to the difficulty in 
determining the parameters included in the equations for 
each flux. It is much more difficult to separate the measure- 
ments for each flux. 


Il. WATER VAPOR FLOW UNDER 
A TEMPERATURE GRADIENT 


A. Simple Model 
1. Isothermal Diffusion of Water Vapor in Soils 


Figure 6.5(a) is a closed space divided by a vertical plane by 
which dry air and water vapor, both under the same total 
pressure P and the same temperature T, are separated. 
When the vertical plane is removed smoothly, the two gases 
will diffuse as illustrated in Figure 6.5(b), conforming to Fick’s 
law: 


a =-D (6.2) 
(a) Vapor Dry air 
moe. 
i 


Figure 6.5 Dry air and water vapor (a) in closed spaces and 
(b) their mutual diffusion. 
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dpa 
dx 


where q and q% are the diffusion fluxes of water vapor and 
dry air in a space (kg s™t m~’), respectively; p, and pa are the 
densities of water vapor and dry air (kg m_°), respectively; D is 
the mutual diffusion coefficient identical for both water vapor 
and dry air (m? s~*); and x is the distance (m). The dimensions 
of fluxes q* and q; are transformed into meters per second 
by dividing the right-hand sides of Equations (6.2) and (6.3) 
by the density of water (1 Mg m ®). 

Assuming that water vapor and dry air are ideal gases, 
the state equations 


Dy = PRT (6.4) 
Pa = PaRaT (6.5) 


(6.3) 


q; ——D 


are used, where p, and pa are the pressure fractions of water 
vapor and dry air (N m™°?), respectively; R, and R, are the gas 
constants of water vapor and dry air (J kg™t K~), respect- 
ively; and T is the absolute temperature (K). The gas con- 
stants R, and R, are determined by dividing the molecular 
gas constant 8.317 J mol 1 K~}, which is independent of both 
temperature and type of gas, by the molecular weight of water 
vapor, 0.018 kg mol, and that of dry air, 0.029 kg mol +, such 
that R, is 462.1 J kg + K"' and R, is 286.8 J kg K~". 
Substituting Equation (6.4) into Equation (6.2), we obtain 


; D dp 


=- RT dx (6.6) 


The diffusion of water vapor is reduced in soils due to two 
factors, as illustrated in Figure 6.6; one is the decrease in 
space where gas can pass through, and another is the irregu- 
larities of pore spaces in soils, which increases the distance for 
the movement of gas. Quantitatively, the former is indicated 
by the volume ratio of the gas phase and the latter by the 
tortuosity, whose value is generally 0.66 (3). The equation for 
water vapor flux is then given by multiplying these factors by 
Equation (6.6), 
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IE \ 


Figure 6.6 Simple model of water vapor diffusion in soil pores. 


Dat dpy 


qv = RT dx (6.7) 


where qv is the flux of water vapor in the soil, a is the volume 
fraction of gas phase in the soil, and é is the tortuosity. Accord- 
ing to the definition of equilibrium, the relative humidity (RH) 
of air is given using the water potential ¢,, as 


_ Py dw 
RH ane exp (Er) (6.8) 
and hence 
Pv = po exp kaa (6.9) 
bs R,T 


where po is the saturated water vapor pressure at a given 
temperature. Note that the water potential ġw is the sum of 
the matric potential and the osmotic potential œ, of soil water, 


Pw = Pm ag Po (6.10) 


in joules per kilogram. Substituting Equation (6.9) into Equa- 
tion (6.7), we obtain 
_ Datpy dw 


6.11 
(R,T)? dx Ae 


qv = 
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Equation (6.11) is simplest for describing water vapor diffu- 
sion in a soil without temperature gradients. Since the water 
potential consists of the matric and osmotic potentials, Equa- 
tion (6.11) is regarded as the sum of flux gym, induced by 
matric potential gradient, and flux qvo, induced by osmotic 
potential gradient. 


2. Enhancement Factor by One-Way 
Diffusion in Soils 


When water is ponded in a pit whose top is open to a still and 
dry atmosphere as shown in Figure 6.7, water vapor moves 
upward due to the vapor pressure gradient, whereas air in the 
pit does not move downward despite the existence of an air 
pressure gradient. This is attributed to the cancellation of air 
diffusion and convection. Under these conditions the upward 
movement of water vapor is enhanced as described below. 

Instead of Equations (6.2) and (6.3), we use the flux 
equations 


q =—D obs + Spy (6.12) 
gq, =—D whe + Spa (6.13) 
Atmosphere 


Figure 6.7 Water vapor diffusion from ponded water in a pit. 
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where the second terms of both equations give convection 
fluxes and s is the velocity of convection (m s_‘). When the 
air flux q% is zero, the velocity of convection is given by 


zP dh 


s= are (6.14) 


Taking account of the fact that the total pressure P, given by 
P=p,+Da (6.15) 


is constant, together with the ideal gas assumptions (EKqua- 
tions (6.4) and (6.5)), we obtain a one-way diffusion equation 
for water vapor: 


, D P dp 


= .1 
qy R,TP—p, dz (6.16) 


Since the term P/(P — p,) is always larger than 1, this term is 
an enhancement factor due to one-way diffusion. Rollins et al. 
(4) termed this factor the mass flow factor. 

Generally, when the transient flow of liquid water is 
small enough, air in soil pores is assumed not to move, due 
to the existence of groundwater or an impermeable layer in 
the bottom. Under such conditions, the equation of one-way 
diffusion of water vapor should be applied in soils rather than 
equations of mutual diffusion (Equation (6.7) or (6.11)). Multi- 
plying soil factor a, the volume fraction of gas, and é, the 
tortuosity, by Equation (6.16), the one-way diffusion equation 
for water vapor in soils is given by 


_ _Daky dp, 
or 
Dat pyy dow 
= (6.18) 
qv (Ry T)? dz 
where y is the enhancement factor (mass flow factor), 
= (6.19) 


T= Pep 
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The value of y varies naturally from 1 to about 1.08, 
depending on the humidity and temperature of air in soils 
(see Table 6.1). 


3. Nonisothermal Diffusion of Water Vapor 
in Soils 


Nakano and Miyazaki (5) proved theoretically that Equation 
(6.16) is exactly applicable to the nonisothermal diffusion of 
water vapor in air space by making only one assumption — 
that the total pressure P is constant, which is almost always 
true in nature. Inevitably, Equation (6.17) is applicable to soil 
pores under temperature gradients when P is constant. They 
showed that Equation (6.17) is developed further under a 
temperature gradient. 

Under a temperature gradient, the pressure of water 
vapor in soil pores and its total differential are given as func- 
tions of both temperature and water potential, such that 


Pv = Pv(T, ow) (6.20) 
_ py Opy 
dpy = aT dT + by dow (6.21) 


By using Equation (6.21), Equation (6.17) is developed into 


Dak (= dT Opy T) 


N= aE ap, abe E (6.22) 


which is a basic equation of water vapor diffusion in soil under 
a temperature gradient. By introducing several physicochem- 
ical equations, Equation (6.22) is transformed into a more 
practical equation. The procedure for transformation of Equa- 
tion (6.22) is given below. 

Differentiation of the pressure fraction p,, defined by 
Equation (6.9), with respect to T yields 


Opy at ( 1 Opo dw ) 


or P\p OF R,T? 6,28) 


Nakano and Miyazaki (5) showed quantitatively that the mag- 
nitude of the first term in the right-hand side of Equation 
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(6.23) is extremely larger than that of the second term in the 
range between —50°C and +50°C. This yields 


1 Opo ow 
po OT ~~ R,T? oe 
The well-known Clausius—Clapyron equation 
Oln Po _ A 
OT RTE (6.25) 


gives an additional transformation of Equation (6.23), where 
H is latent heat of evaporation (enthalpy, J kg~+). Note that 
the dimensions of both sides of Equation (6.25) are K 1. Sub- 
stituting Equations (6.24) and (6.25) into the right-hand side 
of Equation (6.23), we obtain a very simple equation, 
Opy _ pH 
ôT R,T? 
On the other hand, partial differentiation of Equation (6.9) 
with respect to w yields 


(6.26) 


Opy _ Px 
Obw R,T 


Substituting Equations (6.26) and (6.27) into Equation (6.22), 
we obtain 


(6.27) 


7 H dT dow 
where 
Ds = YDatp, 
(RT) 


Equation (6.28) is the most simplified expression of water 
vapor diffusion in soil under a temperature gradient. Further 
discussion of the derivation of Equation (6.28) and modifica- 
tions of this equation appear in the work by Nakano and 
Miyazaki (5). Note that these results were obtained merely 
by developing Equation (6.17) under the assumption that 
water vapor and air behave as ideal gases. 
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It should also be noted that Equation (6.28), the diffusion 
flux of water vapor in a nonisothermal soil, is composed of 
the sum of three terms: the term qvr, induced by temperature 
gradient 


H dT 
qvT = -Ds y de (6.29) 
the term gym, induced by a matric potential gradient 
dom 
m = —-D,—— l 
qv: dz (6.30) 
and the term qvo, induced by an osmotic potential gradient 
do, 
ee p eae l 
qv d (6.31) 


and that qy is equal to qyr + qvm + qvo. The latter two 
equations are combined into one term by using the definition 
of water potential (Equation (6.10)). When there is no tem- 
perature gradient, Equation (6.28) is identical to Equation 
(6.18). In nonisothermal soils in fields, qyr predominates in 
dry soils, while gy, predominates in salt-affected dry soils. In 
nonisothermal wet soils in fields, liquid water flows surpass 
water vapor flows. 

The most simplified expression of the thermally induced 
water vapor flux qyr given by Equation (6.29) is not necessar- 
ily “simple” for practical use of this equation, even in a rough 
estimation of the flux. To obtain the approximate values of 
qyr in a soil under a temperature gradient, it will be conveni- 
ent to know the values of D,H/T in Equation (6.29) as a 
function of temperature. The appendix to this chapter gives 
the values of this term as a function of temperature. 


4. Limitation of the Simple Model 


Many experimental studies reveal that Equation (6.29), the 
equation of water vapor flux induced by temperature gradi- 
ents, underestimates the measured flux. For example, the 
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measured fluxes were 3.6 times as great as the predicted 
value (6), ten times as great as the predicted value (7), and 
five to ten times as great as the predicted value (8). Since 
underestimation of flux is peculiar to water vapor diffusion 
in soils under temperature gradients and diffusion fluxes of 
other gases are well predicted by simple models, there may 
be a particular mechanism in water vapor flow in soils under 
temperature gradients. It is certainly evident that limitation 
of the simple model (i.e., the underestimation of experimental 
values) is not due to lack of knowledge of driving forces of 
water vapor but to an underestimation of enhancement fac- 
tors in D, in Equation (6.29). Experimental investigation of 
such a limitation of the simple model was reviewed in detail 
by Iwata et al. (9). 


B. Modified Model 


1. Mechanistic Enhancement Factors 
of Water Vapor Diffusion 


The equation for thermally induced water vapor flux, Equa- 
tion (6.29), has been modified by multiplying mechanical en- 
hancement factor 7 in order to match the simple model of flow 
to experimental values. The mechanical enhancement factor 
is then given as the ratio of water vapor flux measured ex- 
perimentally by q'yr to that estimated by simple model qvr, 
such that 


qyr = NQvt (6.32) 


or 


dla T 
dz 


It is noteworthy that even though no enhancements have been 
recognized for gas phases other than water vapor in soils, 
mechanical enhancement factors of water vapor range from 
about 3 to more than 10. 


dyrr = —nDsH (6.33) 
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The most famous enhancement factor to explain the pe- 
culiar behavior of water vapor in soils was proposed by Philip 
and de Vries (10). Known as a liquid island, it is expressed by 


n= Et Hons (6.34) 


ag 
where a is the volume fraction of air in soil, 6 is the volumetric 
water content, ¢ is the ratio of microscopic temperature gra- 
dient to macroscopic temperature gradient, é is the tortuosity, 
and f(a) is a function defined by 


f(a) = { 


1 if a> ap 


ajar ifa<a,z (6.35) 


where a, is a critical air-volume fraction. When a is smaller 
than az, the continuity of liquid film will be formed, resulting 
in the decrease of cross-sectional area for vapor flow. Other- 
wise, water vapor will pass through any liquid phase. The 
liquid island model can explain the 7 value of 3 to 8, which 
is much better than value developed by the simple model but 
still underestimates the experimental values. 

A similar mechanical enhancement factor was proposed 
by July and Letey (11) as 


E la + f(a)Alce’ 


a£ (6.36) 
where é’, a separate tortuosity correction factor, is given by 
i a + 0(a/ar) 
= (6.37) 
é a+ 0(a/az)(Aev/A1) 


in which A, is the thermal conductivity of liquid water and A,, 
is the apparent thermal conductivity of water vapor. 

As has been noted by Cass et al. (8) and Iwata et al. (9), 
the water island model proposed by Philip and de Vries (10) 
gave rise to a considerable advance in the theory of water 
vapor flow in soils under temperature gradients, and the 
theoretically derived mechanical enhancement factor 7 has 
provided better prediction of the water vapor flux, although 
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some rooms are still left for better quantitative estimation of 
the flux by these models. To improve the accuracy of predic- 
tion, a more elaborate investigation of condensation and evap- 
oration processes using the water island model may be 
helpful. 


2. Condensation and Evaporation in 
Water Island Model 


a. Equilibrium of Phases at a Flat Surface 


The number of water molecules transferred from the 
liquid phase to the gas phase depends on the state of the liquid 
and is independent of the state of the gas. The number of 
water molecules transferred from the gas phase to the liquid 
phase depends on the state of the gas. Figure 6.8 shows the 
balance of water molecules at the interface between the gas 
phase and the liquid phase. Since some of the water molecules 
in the gas phase are reflected at the interface between the 
gas phase and the liquid phase, the rate of transfer of water 
molecules from gas to liquid and from liquid to gas is not equal 
under equilibrium. Denoting the number of water molecules 
arriving at the interface from the gas phase to the liquid 
phase by I, (s7! m”) and those from the liquid phase into 
the gas phase by I_ (s-1 m~”), phase equilibrium is given by 


I_=al, (6.38) 


where a is the condensation—evaporation coefficient. The 
physical meaning of a is given by the difference between 
the rotation of water molecules in the gas and liquid phases. 
The value of a is generally less than 1. 

The number of water vapor molecules I, colliding with a 
unit area of flat liquid surface in a unit time is given by the 
Herz—Knudsen equation, 


1 1/2 


where po is the equilibrium water vapor pressure with flat 
liquid water (N m~”), m is the mass of one water molecule 
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Figure 6.8 Balance of water molecules at the flat interface be- 
tween the gas and liquid phases. 


(kg), k is the Boltzmann constant (J K~'), and T is the tem- 
perature (K). Substituting the Herz—Knudsen equation (6.39) 
into the equilibrium equation (6.38) and replacing k by k = 
R/A, where A is Avogadro’s constant (6 x 10-7? mol~’) and R is 
the molecular gas constant (8.317 J mol’ K~'), the mass 
basis evaporation rate mI_ (kg m~? s7’) is given by 
M i 


RT (6.40) 


mI_ = apo( 
where M is the molecular weight of the water (kg mol). 
Since po is a function of temperature only, mI_ is a function 
of temperature only. 


b. Equilibrium at a Concave Surface 

When the liquid surface is concave as shown in Figure 
6.9, the mass basis evaporation rate is given by 
M y 


mI_ = ap.( 
where p, is the equilibrium water vapor pressure with con- 
cave liquid water and is lower than pg. The ratio of p, to po is 
given by the Kelvin equation 


Ps _ OwM /1 1 
er = RT (; 5) (6.42) 


where ow is the surface tension of liquid water, pw is the 
density of liquid water, and / and d are the radii of curvature 
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Figure 6.9 Balance of water molecules at the concave interface 
between the gas and liquid phases. 


of the concave surface. Replacing po — ps = Ap, the left-hand 
side of Equation (6.42) is developed as 


2 3 
Po 2\ Po 6\ Do 


When Ap << po, then 


(gee OP (6.44) 


Substituting Equation (6.44) into Equation (6.42), we obtain 


WM /1 1 
pe=po[1+ 2 (5 ‘| (6.45) 


Equation (6.41) with Equation (6.45) gives the mass basis 
equation of evaporation rate from a concave liquid surface. 


c. Capillary Condensation at 
a Concave Surface 


When a concave liquid surface contacts a gas phase 
whose vapor pressure is Po as shown in Figure 6.10, al, 
will exceed the counter pass I_, since J, is a function of po 
while J_ is a function of p, at a given temperature, resulting in 
an increase in the liquid phase. This phenomenon is known as 
capillary condensation. 
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Figure 6.10 Imbalance of water molecules at the concave inter- 
face between the gas and liquid phases. 


The rate of increase of liquid water is given by the net 
condensation equation 


mM \¥2 
al, —I_ = Apa (sar) (6.46) 
where 
Np ppp E d G 7) 
pwRT \l d 


If a temperature gradient exists in the gas phase toward 
the concave interface, water vapor will diffuse toward the 
interface, tending to maintain the vapor pressure po at 
the interface. The diffusion flux is given by 


>DpyH din T 


6.47 
(R,T)? dz ee 


QvVT = 


Thus, the vapor pressure just above the concave liquid surface 
is determined by the balance between the mass basis conden- 
sation rate al, and the diffusion flux toward the liquid surface 
under a temperature gradient qyr. Many researchers have 
reported that a is less than 0.1. This implies that the conden- 
sation rate will be smaller than the diffusion flux of water 
vapor when the temperature gradient is more than 1°C cm‘, 
while it will be larger than the diffusion flux of water vapor 
when the temperature gradient is less than 0.01°C cm™*. In 
other words, the continuous processes of diffusion and con- 
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densation of water vapor are governed by the rate of capillary 
condensation under a large temperature gradient, but they 
are governed by the diffusion flux of water vapor under a 
small temperature gradient. 


d. Maximum Evaporation at 
a Concave Surface 


The maximum evaporation rate from a concave liquid 
surface is given by Equation (6.41), where the gas pressure 
is zero. Since J_ is independent of the state of the gas phase, 
the mass basis evaporation rate mJ_ is determined by the 
radii of curvature of the concave surface l and d under a 
given temperature. When the gas pressure is not zero, which 
is rather a general situation, the net evaporation rate de- 
creases due to offset by the condensation rate al,, which is a 
function of the pressure of gas phase. 

Under a temperature gradient, where the temperature is 
assumed to decrease with distance away from the interface as 
shown in Figure 6.11, the mass basis evaporation rate will be 
determined in such a way that the evaporation compensates 
the vapor flux in the direction away from the interface. Since 
vapor flux is proportional to the temperature gradient, it can, 
theoretically, increase with the temperature gradient without 
limit. 


Temperature 


Depth 


Figure 6.11 Imbalance of water molecules at the concave 
interface between the gas and liquid phases under a temperature 
gradient. 
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On the other hand, the maximum evaporation rate is 
limited by Equation (6.41), a function of temperature and 
curvature of the liquid surface. Therefore, if the temperature 
gradient is very large, the evaporation—diffusion process will 
be governed by the maximum evaporation rate given by Equa- 
tion (6.41). 


e. Steady State of Water Island 


Figure 6.12 is a water island at a point of contact of two 
spheres under a temperature gradient, where water vapor 
is condensing at A and evaporating at B. Summarizing the 
discussion given above, the continuous processes of diffusion, 
condensation at A, evaporation at B, and diffusion of water 
vapor, are controlled by the diffusion flux under a small tem- 
perature gradient, while they are restricted by the condensa- 
tion rate into the water island at A and evaporation rate from 
water island at B under a large temperature gradient. The 
governing equations are Equations (6.41), (6.46), and (6.47) 
for evaporation, condensation, and vapor diffusion, respect- 
ively, which are determined independent of each other. 

Hence, it is concluded that when the temperature gradi- 
ent is small, a steady diffusion flux exists with steady water 
islands in soil pores, but when the temperature gradient is 


High-temperature side 


d 


Low-temperature side 
Figure 6.12 Water island at a point of contact of two spheres. 
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large, a transient condition will continue among vapor diffu- 
sion, capillary condensation, and evaporation processes until 
a renewed steady state is obtained by changing the radii of 
curvatures of the concave surfaces, resulting in changes in the 
volume of water islands. 


Il. LIQUID WATER FLOW UNDER 
A TEMPERATURE GRADIENT 


A. Driving Forces Due to a Temperature 
Gradient 


1. Gradient of Total Head Vii 
Liquid water flow in soils is formulated by 


qu = —KVyt (6.48) 


where Vys is the gradient of total head y, which is defined by 
the sum of matric head Ym, osmotic head Yo, and gravitational 
head fg as 


Vt = Ym + Yo + Yg (6.49) 
resulting in 
Veit = Vim + Veo +1 (6.50) 


Assuming that both water content and solute concentration 
are constant in a soil, the gradients of matric head and os- 
motic head are given, respectively, by 


Om 


and 
_ Io 
Vio = ƏT VT (6.52) 
The gradient of total head is then given by 


(dim Ipon, 
Vy = (= H ap )VE + 1 (6.53) 
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2. Gradient of Matric Head Vim 


It is generally accepted that the matric potential of water 
in soils depends lineally on the surface tension of water ow 
(N m~’). Hence, the first term of Equation (6.53) is given by 


OT o, OT (6.54) 


Figure 6.13 shows surface tension of water as a function 
of temperature, which is approximated by a linear function 


Ow = (75.6 — 0.1547) x 10°3 (6.55) 
Substituting Equation (6.55) into Equation (6.54), we obtain 
Ovm _ Ym 
The integral of Equation (6.56) 
dym 0.154 
= T ; 
Win 75.6 — 0.1547 € ee) 
gives the solution 
Wm = Cy(75.6 — 0.1547) (6.58) 


0.08 


Surface tension (N m~!) 
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Figure6.13 Surface tension of water as a function of temperature. 
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and its derivative 
—— = —0.154Cm (6.59) 


where Cmn is the integral constant. 

Kasubuchi and Miyazaki (12) collected experimental 
data indicating the change in matric head with temperature. 
These data are exhibited in Figure 6.14, where the theoretic- 
ally predicted linear lines, given by Equation (6.58) for several 
values of Cm, are presented by thin solid lines together with 
experimentally obtained data presented by thick solid lines 
and dashed lines. The solid lines were obtained from the 
independently measured moisture characteristic curves of 


Solid thick lines: Laboratory data 
Broken lines: Field data 
Solid thin lines: Theoretical predictions 


Matric head -ym (m) 


Temperature (°C) 


Figure 6.14 Change in matric head with temperature. 
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individual soils under different temperatures, and hence the 
volumetric water contents on each solid line were constant. 

The dashed line, on the other hand, was obtained by 
using the same tensiometer—soil—water system in order to 
measure the change in matric head with a decrease in tem- 
perature from 48.5 to 1°C and a subsequent increase in 
temperature from 1 to 47°C (13). As much as 13 h was re- 
quired to reach temperature equilibrium in the tensiometer— 
soil-water system. Gardner (13) attributed the marked 
change in matric head with temperature both to the direct 
effect of temperature on i, which is explained by Equation 
(6.58), and to the indirect effect of temperature, in which the 
thermally induced moisture movement has an influence on 
the change in Ym. It is generally known that matric head data 
obtained in fields fluctuate more extremely with temperature 
change, presumably due to these two effects. 


3. Gradient of Osmotic Head Vil, 


The osmotic potential of a solution is given by Van’t Hoff’s 
equation, 


$o = —vCRT (6.60) 
and the osmotic head is given by 
Po 
CS — =. (6.61) 
i 8 


where v is the osmotic coefficient (dimensionless) and C is the 
concentration of the solute (mol kg‘). The partial differenti- 
ation of i, by T is then given by 


OW x vCR 


T g (6.62) 


Under the assumption of constant solute concentration, the 
right-hand side of Equation (6.62) is constant. 
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By substituting Equations (6.59) and (6.62) into Equation 
(6.53), we obtain 


Vy = — (0.1540 + =) VT +1 (6.63) 


Equation (6.63) is the driving force of liquid water flow in soil 
under the assumption that both water content and solute 
concentration are constant throughout the soil and that a 
temperature gradient exists. 


B. Coefficients of Flow Under a Temperature 
Gradient 


By substituting the rewritten total head gradient (Equation 
(6.63)) into Equation (6.48), the flow equation of liquid water 
under a temperature gradient is given by 


QLT = —DirVT -K (6.64) 


where Dır is the thermal liquid diffusivity (m? s | KD. 
It should, however, be taken into account that without a 
salt sieving effect, which restricts the movement of solute 
molecules within soil pores, no liquid water movement due 
to the gradient of solute concentration will be caused. When 
the restriction of solute movement is incomplete, part of the 
liquid water will migrate due to the solute concentration gra- 
dient. Under such conditions, the osmotic efficiency coefficient 
a is given by (14) 
rs — Fw 


o= , O<a<l (6.65) 
b — Ty 


where r, is the hydrated radius of solute, rw is the radius of 
the water molecule, and b one-half of the water film thickness. 
To define the coefficients Dir in Equation (6.64), the osmotic 
efficiency coefficient o should be included appropriately as 


oa 


Diy = -K (0.154C, + (6.66) 
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C. Liquid Water Flow Due to Water Content 
Gradient, Solute Concentration Gradient, 
and Temperature Gradient 


Generally, there are water content gradients, solute concen- 
tration gradients, and temperature gradients in fields, and 
liquid water moves due to these driving forces. Hence, the 
equation of liquid water flow in soils is generally given by 


qL = —DyrVT — DimV94+ DioVC -K (6.67) 


where Dır is the thermal liquid diffusivity (m? s~' K7», Dim 
is the isothermal liquid diffusivity (m? s71), and Dy, is the 
liquid water diffusivity induced by the solute concentration 
gradient (m° kg s_' mol‘). As mentioned above, only when 
the soil pores have salt sieving effects does liquid water 
flow exist in proportion to the gradient of solute concentra- 
tion. The salt sieving effect is expressed by means of an 
osmotic efficiency coefficient. 

A reliable set of the coefficients of Equation (6.67) is 
given as 


Diack (0.154C;, f =R) (6.68) 
_ Om 
and 
Diza Saar (6.70) 


Note that osmotic efficiency coefficient ø is included in both 
coefficients Dir and Dio. 


IV. OBSERVATIONS OF WATER FLOW IN 
SOILS UNDER TEMPERATURE GRADIENTS 


A. Observations in Closed Soil Columns 


The separation of liquid water flux q; and vapor flux gy in a 
laboratory may provide a good evaluation of the applicability 
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of many proposed theories mentioned above. Closed soil col- 
umns with different temperatures at both ends have been 
widely chosen for this purpose. 

Gurr et al. (6) applied an average temperature gradient 
of 1.6°C cm’ to loam soil packed in a Perspex cylinder 10 cm 
in length and 14 cm in internal diameter. The initial water 
contents of the soil ranged from 1.7 to 24.5%. The chloride was 
used as a tracer of liquid water movement in all the runs. 
After 5 days of each run, they obtained data shown in Figure 
6.15 where both water contents (black circles) and chlorides 
profiles (white circles) are shown. In this figure, they found 
that liquid water tends to accumulate at the low-temperature 
side of the column when the initial water contents are be- 
tween 4.3 and 9.6%, while chlorides tend to accumulate at 
the high-temperature side of the column when initial water 
contents are between 7.9 and 19.8%. They concluded that the 
net transfer of water in a closed soil column under a tempera- 
ture gradient is composed of water evaporation at the hotter 
soil, vapor movement into the colder soil, and condensation 
and return as a liquid at the colder soil. 

They pointed out that the increase of water content at 
the low-temperature side of the soil column was 3.6 times 
more than the potential water vapor flux from the warm side 
to the cold side. It is practically suitable for us to follow and 
verify their calculation. In column C of Figure 6.15, a vapor 
flow of 0.18 g cm ” took place in 5 days across the plane at 
which the initial water content remained unchanged. Apply- 
ing Equation (6.71) and Table 6.2, we obtain the effective 
diffusion coefficient Deg, which is 2.65 x 1078 kg s+ m`! 
K`! at an average temperature of 18°C. Other factors in 
Equation (6.71) are easily determined. The average air con- 
tent a is 0.417 when the porosity of the soil is 0.47, € is 0.66 
after Penman (3), and the temperature gradient is —160°C 
m`t. The resultant water vapor flux is 1.167 x 10° kgs 
m`? and the total amount of water flow during 5 days may be 
0.05 g cm 7, which is only 28% of the estimated vapor flow. 

Gurr et al. (6) further described that the estimated vapor 
flow of 0.18 g cm? is still an underestimate of the vapor flow 
because of reverse liquid flow. 
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Figure 6.15 Distribution of water and chlorides in columns of 
loam soil, of varying initial water contents, subjected to a tempera- 
ture gradient for 5days. (After Gurr, C. G., Marshall, T. J., and 
Hutton, J. T., Soil Sci. 74:335-345 (1952). With permission.) 


Observations in closed soil columns by Gurr et al. (6), 
Taylor and Cavazza (7), Jackson et al. (15), and many other 
researchers revealed the excess vapor flows than predictions 
(Equation (6.71)) under given temperature gradients. 


B. Observations in Open Soil Columns 


In addition to the separation of liquid water flux q; and vapor 
flux qy, the accurate measurement of reverse liquid flow from 
a clod soil provides more precise estimation of vapor flow 
under a temperature gradient. Alternatively, the direct meas- 
urement of vapor flux qy in a soil under a temperature gradi- 
ent is more suitable for the selection of a reliable equation of 
water vapor movement under a temperature gradient. 
Miyazaki (16) applied a one-dimensional temperature 
gradient, 1.35 + 0.10°C cm, along the two columns of 10 
cm height and 10 cm diameter, whose surface was open and 
side walls were adequately insulated, in a small room where 
the temperature and relative humidity were kept at 37°C and 
87.5 + 2.5%, respectively, as illustrated in Figure 6.16. The 
bottoms of the two columns were kept at lower temperature, 
to generate water vapor condensations there, by applying 
water of 20°C through flexible tubes. One of the columns 
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Figure 6.16 Distribution of water and chlorides in columns of 
loam soil, of varying initial water contents, subjected to a tempera- 
ture gradient for 5days. (After Gurr, C. G., Marshall, T. J., and 
Hutton, J. T., Soil Sci. 74:335—345 (1952). With permission.) 


was filled with 1-cm thick air-dry sand and the other with 10- 
cm thick air-dry sand. The cumulative condensations of water 
vapor into both sand columns must be equal to the cumulative 
water vapor fluxes at the surface zones of each column. These 
fluxes were calculated by applying Equation (6.29), identical 
to Equation (6.71), at the surface zones of both columns. The 
air content of the surface zones of the left and right columns 
were 1.00 and 0.45, and the tortuosities € were 1.00 and 0.66, 
respectively, and the relative humidities inside both columns 
were assumed to be 1.00. Figure 6.17 shows the measured 
cumulative condensations of water vapor into both sands 
and the predicted cumulative water vapor fluxes. The excel- 
lent agreements suggest that Equation (6.29) is applicable to 
the water vapor flow both in a static air space and in air-dry 
sand under temperature gradients. 

Figure 6.18 shows the changes in measured and pre- 
dicted water contents in the bottom 1-cm layer of the 10-cm 
thick sand column whose initial water content was 1.2%. The 
prediction by Equation (6.29), with the air content being 0.438, 
the tortuosity é being 0.66, and the relative humidity being 
1.00, underestimated the measured water content especially 
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Figure 6.17 Cumulative water vapor fluxes qvrin columns a and b 
(solid lines), and corresponding cumulative condensations of water 
vapor to each column (dots). (After Miyazaki, T., Trans. Jpn. Soc. 
Irrig. Drain. Reclam. Eng. 61:1—8 (1976). With permission.) 


at the initial few days. The prediction with the modified model 
by Philip and de Vries (10), given by Equations (6.33) to (6.35), 
was better in the early stage of condensation but overesti- 
mated the measured water content in the latter stage presum- 
ably due to the reverse liquid flow associated with the 
condensation. Taking account of a little reverse liquid flow, 
recognized even after 1 day from the start of the measure- 
ment, Miyazaki (16) recommended the use of the modified 
models by Philip and de Vries (10) when the sand is moder- 
ately wet. 


C. Observations in a Field 


The distinction of water vapor flux from liquid flux in a field 
under temperature gradients is a matter of practical concern 
especially in arid and semiarid areas. To exemplify this dis- 
tinction, we can reasonably estimate these fluxes in a sand 
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Figure 6.18 Change in water content at the bottom 1-cm sand 
layer of column b whose initial water content is 1.2%. Equations 
(6.29) and (6.33) implemented the predictions of qvr and q'v1, respect- 
ively. (After Miyazaki, T., Trans. Jpn. Soc. Irrig. Drain. Reclam. 
Eng. 61:1-8 (1976). With permission.) 


dune field under the conditions given in Figure 6.1 and Figure 
6.2, based on the discussion presented in this chapter. 

To tackle the question more concretely, we estimate both 
water vapor fluxes and liquid water fluxes across the depth of 
9 cm of the sand dune of Figure 6.2 during 1:00 a.m. and 3:00 
a.m., when temperature increases with depth, and soil mois- 
ture increases from 0 to 9 cm and decreases from 9 to 25 cm. 
Figure 6.19 gives the illustrative moisture profiles changing 
between 1:00 and 3:00 a.m. The average temperature at 9-cm 
depth is 30.5°C, the average temperature gradient is —0.23°C 
cm™t, and the average volumetric water content is 0.068 cm? 
cm ® during this time interval. 

Table 6.1 shows the results both for vapor phase fluxes 
and liquid phase fluxes. The rate of water vapor condensation, 
Q, from the atmosphere to the land surface at 2:00 a.m., when 
the wind velocity was zero, the relative humidity was 0.96, the 
temperature was 23.6°C, and the temperature gradient was 
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Table 6.1 Estimated Water Fluxes at a Depth of 9 cm of Sand 
Dune Under a Temperature Gradient 


Values of Upward 

Phases Driving driving fluxes 
of water forces forces Equations (gs ‘em ”) 
Vapor Temperature 

gradient —0.23 (°C em) (6.33)° q'vr=1.0 x 1077 
Vapor Moisture 

gradient —0.002 (6.30) dvm= 1.0 x 107! 
Liquid Temperature 

gradient —0.23 (°C cm7» (6.64)? gur=7.0 x 1077 
Liquid Moisture 

gradient —0.002 (6.67)° dum = 7.3 x 107° 


“Philip and de Vries model is used. 

’Osmotic efficiency coefficient ø is zero. 

°Dır and Dro are zero. K is negligible. 

Source: Miyazaki, T. and Amemiya, Y., Trans. Jpn. Soc. Irrig. Drain. Reclam. 
Eng.48:16—22 (1973). With permission. 


0.02°C cm + between 5 and 35 cm above the land surface, was 
estimated to be 4.8 x 107? gs cm ”. The degree of contri- 
bution to the increase of water content between 0 and 9 cm of 
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Figure 6.19 Illustrative moisture profiles at 1:00 and 3:00 a.m. 
in a sand dune. 


Water Flow Under the Effects of Temperature Gradients 253 


the sand dune during 1:00 and 3:00 a.m. was thus estimated 
(1) to be 


dim > Git > qyr > Q > vm 


D. An Observation with Salt Effects 


Figure 6.20 is an example of experimental data presented 
by Nassar and Horton (17), who maintained the hot and cold 
ends of a horizontal column packed with Ida silt loam at 19.02 
and 8.93°C, respectively. Water flow in this closed system under 
a temperature gradient is shown schematically in Figure 6.20. 
The liquid flux qır and water vapor flux qvr, both induced by 
a temperature gradient, will proceed to the cold end, while 
other fluxes — gym, water vapor flux induced by matric poten- 
tial gradient; qim, liquid water flux induced by matric potential 
gradient; gy, water vapor flux induced by osmotic poten- 
tial gradient; and qto, liquid water flux induced by osmotic 
potential gradient — will all proceed to the hot end. In the hot 
zone of the column, evaporation of water will promote the 
accumulation of salt. In the cold zone of the column, condensa- 
tion of water vapor will promote the accumulation of water. 
After sufficient time the soil column will arrive at a steady 
state in which all the fluxes are balanced. 


20 


14 


Temperature (°C) 
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Distance from the cold end (cm) 
Figure 6.20 Profile of temperature and corresponding liquid and 
vapor flows. (From Nassar, I. N. and Horton, R., Soil Sci. Soc. Am. J. 
53:1323-1329 (1989). With permission.) 
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Figure 6.21 Moisture profiles of solute-free water and salinized 
water. (From Nassar, I. N. and Horton, R., Soil Sci. Soc. Am. J. 
53:1323-1329 (1989). With permission.) 


Figure 6.21 shows the moisture profiles of solute-free 
water and salinized water in the steady state. The initial 
water content was 0.144 m? m“® in both cases. The profile 
of solute-free water is more biased than the profile of 
salinized water. This biasing is presumably attributed to the 
accumulation of solute in the hot zone of the column shown in 
Figure 6.22, which causes the increases of qLo and qvo. 
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Figure 6.22 Initial and steady solute concentration profiles. 
(From Nassar, I. N. and Horton, R., Soil Sci. Soc. Am. J. 53:1323— 
1329 (1989). With permission.) 
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Furthermore, Nassar and Horton (17) calculated the 
value of the osmotic efficiency coefficient ø as a function of 
water film thickness by using Equation (6.65). The values of o 
ranged from 0.14 at the cold end of the column to 0.28 at the 
hot end of the column. Precise measurements of temperat- 
ures, water contents, and solute concentrations in soils pro- 
mote the elucidation of transport phenomena in unsaturated 
soils under temperature gradients. 


APPENDIX: PRACTICAL ESTIMATION 
OF VAPOR FLUX 


It is often necessary to make a quantitative estimation of 
water vapor flux in soils, at least an estimation of its order, 
under a temperature gradient, without knowing the values of 
many physical parameters contained in the equations of flow. 
Nevertheless, since some of the parameters in these equations 
are functions of temperature and pressure, even the simple 
equation of thermally induced water vapor flow given by 
Equation (6.29) is not necessarily simple enough to obtain an 
approximate value of the flux. 

The following procedure is therefore convenient for esti- 
mating the approximate water vapor flux under temperature 
gradients. When water vapor is saturated in the pores of the 
soil, Equation (6.29) is written as 


dT 
—_p) TETAN E 
qvt off a i (6.71) 


where a is the volumetric air content, é is the tortuosity 
(which is 0.66 [after Penman]), and Der is the effective diffu- 
sion coefficient, defined by 


yDpoH 
R,?T3 
Table 6.2 gives the values of Defe (kg stm! K-} together 
with the values of parameters contained in Equation (6.72) as 


functions of temperature. All the values are given in SI units. 
The unit of Deg is transformed into m? s | K+ by dividing 


De = (6.72) 
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Table 6.2 Values of Deg Defined by Equation (6.72) as a Function 
of Temperature 


Effective 
Diffusion Saturated diffusion 
coefficient water Latent coefficient, 
of water vapor heat of Mass Defe 
Temperature, vapor,D pressure, po evaporation, flow (kg s~! 
T (°C) (m? s7» (Pa) H (J kg’) factor, y m`! K» 
0 0.234 x 10-4 611 2.500 x 10° 1.006 8.28 x 107°? 
10 0.253 x 1074 1227 2.477 x 10° 1.012 1.61 x 10-8 
11 0.256 x 1074 1312 2.475 x 10° 1.013 1.72 x 1078 
12 0.258 x 10-4 1402 2.472 x 10® 1.014 1.83 x 1078 
13 0.260 x 1074 1497 2.470 x 10 1.015 1.96 x 1078 
14 0.262 x 1074 1598 2.468 x 10 1.016 2.08 x 1078 
15 0.264 x 10-4 1705 2.465 x 10° 1.017 2.21 x 1078 
16 0.266 x 1074 1818 2.463 x 10° 1.018 2.36 x 1078 
17 0.268 x 1074 1937 2.461 x 10° 1.019 2.51 x 107 
18 0.270 x 10-4 2064 2.458 x 10° 1.021 2.65 x 1078 
19 0.272 x 1074 2197 2.456 x 10° 1.022 2.83 x 1078 
20 0.274 x 1074 2338 2.453 x 10° 1.024 3.00 x 1078 
21 0.277 x 10-4 2487 2.451 x 10° 1.025 3.20 x 1078 
22 0.279 x 1074 2644 2.449 x 10 1.027 3.38 x 1078 
23 0.281 x 1074 2810 2.446 x 10° 1.029 3.59 x 1078 
24 0.283 x 10-4 2984 2.444 x 10° 1.030 3.80 x 1078 
25 0.285 x 1074 3168 2.442 x 10 1.032 4.03 x 1078 
26 0.288 x 1074 3362 2.440 x 10° 1.034 4.28 x 1078 
27 0.290 x 1074 3566 2.437 x 10° 1.036 4.54 x 1078 
28 0.292 x 1074 3781 2.435 x 10ê 1.039 4.80 x 1078 
29 0.294 x 1074 4007 2.433 x 10 1.041 5.07 x 1078 
30 0.296 x 1074 4045 2.430 x 10° 1.044 5.36 x 1078 
31 0.299 x 1074 4495 2.428 x 10° 1.046 5.69 x 1078 
32 0.301 x 1074 4757 2.425 x 10° 1.049 6.02 x 1078 
33 0.303 x 1074 5033 2.423 x 10° 1.052 6.36 x 1078 
34 0.306 x 1074 5322 2.421 x 10 1.055 6.74 x 1078 
35 0.308 x 1074 5626 2.418 x 10 1.059 7.11 x 1078 
36 0.310 x 1074 5945 2.416 x 10° 1.062 7.51 x 1078 
37 0.312 x 1074 6279 2.414 x 10 1.066 7.93 x 1078 
38 0.315 x 1074 6630 2.412 x 10 1.070 8.40 x 1078 
39 0.317 x 1074 6997 2.409 x 10° 1.074 8.85 x 1078 


40 0.319 x 1074 7381 2.407 x 10° 1.079 9.35 x 1078 
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each value by the density of water (1 Mg m ®). In the calcula- 
tion, the gas constant of water vapor R, was set at 461.9 J 
kg K. 

Table 6.2 may be useful in estimating the approximate 
value of water vapor flux in the soils. For example, if the 
temperature gradient of a given soil whose air content is 0.5 
më m™° is 100 K m_! (1°C cm‘? in traditional units), the flux 
of water vapor at 30°C is estimated by 


qyr = —5.36 x 1078 x 0.5 x 0.66 x (—100) 
= 1.77 x 10~ĉ(kg s™! m~?) 
= 1.77 x 107" (g s7! cm~?) 


Thus, the rough estimation of thermally induced water vapor 
flux is obtained by giving the value of Deg in Table 6.2 the air 
content, and the temperature gradient of given soils. This 
estimation is applicable to such air-dry soils as sand in deserts 
and sand dunes, but underestimates the fluxes in moderately 
wet soils. 
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TYPICAL CHANGE IN PERMEABILITY 


It is generally known that when a soil is submerged and the 
hydraulic conductivity of the soil is measured every day, a sys- 
tematic change of saturated hydraulic conductivity is obtained, 
as shown in Figure 7.1. Allison (1) explained this change in 
permeability as consisting of the following three phases: 


Permeability 


1. Initial decrease attributed to a structural change. 
The decrease in this permeability is probably due 
either to structural changes resulting from swelling 
and dispersion of the dry soil upon wetting or due to 
dispersion resulting from a decrease in electrolyte 


Phase 
1 | Phase 
=| 
| 
| 


Time 


Figure 7.1 Systematic daily change in the saturated hydraulic 
conductivity of submerged soil. (After Allison, L. E., Soil Sci. 
63:439-450 (1947). With permission.) 
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content of the soil solution as any salts present are 
removed in the percolate. On highly permeable soils 
this initial decrease is small, or nonexistent, but for 
relatively impermeable soils, it may be appreciable 
and continue for 10 to 20 days before the second 
phase of increase is apparent. 

2. Increase attributed to the removal of entrapped air. 
When soils are submerged, considerable air is 
trapped in the pores. As the air is dissolved and 
removed in the percolating water, the permeability 
gradually increases, attaining a maximum when all 
or nearly all of the entrapped air is removed. The 
minimum permeability at the turning point from 
phase 1 to phase 2 appears to be due to two opposing 
phenomena; that is, the forces in phase 1 tending 
to reduce permeability from the beginning and the 
forces in phase 2 tending to increase permeability. 

3. Gradual decrease of permeability following phase 2. 
After the maximum is reached, the permeability de- 
creases with time, rather rapidly at first, then more 
slowly. According to Allison (1), one or more of the 
following three contributing causes are involved in 
this decrease: 

1. Slow physical disintegration of aggregates under 
prolonged submergence. 

2. Biological clogging of soil pores with microbial 
cells and their synthesized products, slimes, or 
polysaccharides. 

3. A dispersion due to the attack of microorganisms 
on organic materials that bind soil into aggre- 
gates. 


Il. MICROBIOLOGICAL EFFECTS 
ON PERMEABILITY 


A. Direct Effects 


There are two types of microbiological effects on the permea- 
bility of soils: direct and indirect. The direct biological factors 
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that influence the decrease in hydraulic conductivity are the 
production of gases, the microbial destruction of soil struc- 
ture, and the accumulation of metabolic products in soil pores. 

Martin (2) attributed the destruction of soil structure to 
the attack by microorganisms on organic materials, resulting 
in a dispersion of soil particles. He also found that the pro- 
duction of metabolic products was enhanced by the addition 
of an energy source such as sucrose. Hydraulic conductivity of 
soil treated with such an energy source decreased at a rapid 
rate compared with untreated soil. Poulovassilis (3) reported 
that the gases produced by microorganisms have a major 
influence on the decrease in permeability. 

Frankenberger et al. (4) investigated the relation 
between bacterial numbers and hydraulic conductivities. 
Table 7.1, extracted from their data, shows relations between 
anaerobic bacterial numbers per gram of oven-dried soils 
sampled from the reduced zone of the soil column and the 
entire hydraulic conductivities of corresponding soils. Bacter- 
ial numbers were determined by dilution plate counts on egg- 
albumin agar under anaerobic conditions. To sterilize soil 
columns, the soils were placed in an autoclave and heated 
for 30 min at 121°C. To fertilize soil columns, they were 
leached with 500 ppm glucose continuously over 2000 h. 
Soil columns leached with distilled water only were used for 
comparison. 


Table 7.1 Relations Between Anaerobic Bacterial Numbers per 
Gram of Oven-Dried Soils and Hydraulic Conductivities of Two Soils 


Nicollet loam Tama silty clay loam 
Saturated Saturated 
Continuous Anaerobic hydraulic Anaerobic hydraulic 
submergence count conductivity count conductivity 
with: (71) (cm s™t) (g-4) (em s7!) 
Sterile water 0 2.64 x 10°? 0 2.25 x 10°? 
Distilled water 11 x 104 1.12 x 10-3 7x10* = 7.36 x 10-4 


Glucose-water 11 x 10° 2.22 x 10 22 x 104 3.89 x 10 


Source: After Frankenberger, W. T., Jr., Troeh, F., and Dumenil, L. C., Soil Sci. Soc. 
Am. J. 43:333-338 (1979). With permission. 
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It is evident from Table 7.1 that leaching with glucose 
caused a marked increase in anaerobic bacteria, which caused 
a decrease in the hydraulic conductivities of both soils. Fur- 
thermore, they demonstrated that the hydraulic conductivity 
of Tama silty clay loam decreased sharply with time as shown 
in Figure 7.2 when nutrients and energy sources such as 
KNO; and glucose were employed. Because of the initial treat- 
ment in this experiment, removal of the trapped air (phase 2 
in Figure 7.1) did not cause an early increase in hydraulic 
conductivities. 


B. Indirect Effects 
1. Effects of Gaseous Production 


Continuous submergence of water makes the soil environ- 
ment anaerobic, and this anaerobic condition potentially 


Distilled 
water 


Glucose 


KNO; + glucose 


Hydraulic conductivity (cm h7!) 


O 400 800 1200 1600 2000 
Time (h) 
Figure 7.2 Effect of various treatments on the hydraulic conduc- 
tivities of Tama silty clay loam under a continuous treatment. (After 
Frankenberger, W. T., Jr., Troeh, F., and Dumenil, L.C., Soil Sci. 
Soc. Am. J. 43:333-338 (1979). With permission.) 
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produces methane gas due to microbial anaerobic respiration 
especially when the soil is rich in carbon content. Methane 
production is typically seen in subsurface peat soil of wetland, 
and it is plausible to assume that the methane gas is partly 
stored as gas bubbles. Reynolds et al. (5) found that, in their 
experiments with three columns and five runs under continu- 
ous water flow over time periods ranging from 44 to 78 days, 
the saturated hydraulic conductivity of peat decreased on 
average by 1.6 orders of magnitude, and at the same time 
volumetric water content decreased by about 20 percentage 
points, and gaseous methane concentration increased from 
4 to 50 umol ml’. 

Another typical anaerobic condition under continuous 
submergence is also observed in paddy rice field, where me- 
thane gas is likely produced. Seki et al. (6) conducted a series 
of column experiments with paddy field soil (Andisol) to ob- 
serve the biological clogging on the saturated soil permeabili- 
ty. They packed the soil in a 1-cm high cylindrical column and 
percolated nutrient solution for 120 days. Glucose solution of 
50 pg cm ? (GCO) was used as substrate for microbial growth 
of both bacteria and fungi, glucose solution of 50 ug em? with 
chloramphenicol (GCH) was used to feed fungi while killing 
bacteria, and glucose solution of 50 ug cm~® with chloram- 
phenicol (GCY) was used to feed bacteria while killing fungi. 
After 120 days, all the percolating solutions were altered to 
sodium azide solution as a sterilizing agent. The saturated 
hydraulic conductivity and volume ratio of the gas phase were 
measured every day. The volume ratio of the gas phase was 
calculated from the measurement of total mass reduction of 
the column. 

The changes in the saturated hydraulic conductivity and 
the volume ratio of the gas phase are shown in Figure 7.3. 
Saturated hydraulic conductivities of the three columns de- 
creased rapidly in the initial 10 days, and decreased slowly 
in the remaining 110 days. In all of the three columns initial 
values of the volume ratio of the gas phase were 14 to 18%, 
and they decreased by dissolving into the percolating water 
at the earliest stage of percolations. In the GCO run, where 
only glucose solution was supplied, the volume ratio of the gas 
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Figure 7.3 Changes in saturated hydraulic conductivity K, and 
volume ratio of the gas phase a. Percolating solutions are GCO (°), 
GCH (O), and GCY (A). At 120 days, the sterilizer was supplied. 
Symbols (A) are from reference data. (After Seki, K., Miyazaki, 
T., and Nakano, M., Eur. J. Soil Sci. 49:231-236 (1998). With 
permission.) 


phase increased from 3.6% at 40 days to 30.6% at 103 days. 
After 103 days the volume ratio of the gas phase seemed to 
have been stabilized. Therefore, the hydraulic conductivity 
decrease in the GCO run after 40 days may be attributed to 
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the production of gas bubbles in the soil column. In the 
remaining two columns, GCH and GCY runs, the volume 
ratio of the gas phase did not increase so significantly as in 
the GCO run. After 120 days, as soon as the percolating 
solution was changed to sterilizer, the volume of the gas 
phase decreased immediately in the GCO run and the satur- 
ated hydraulic conductivity increased at the same time. Based 
on the fact that the recovery of saturated hydraulic conduct- 
ivity was observed only in GCO run, it was concluded that the 
gas bubbles occluded the soil pores tested and resulted in a 
significant reduction of permeability. 


2. Effects of Ferrous Iron 


It is generally known that when soils are submerged stati- 
cally, soil reduction is improved due to the consumption of 
oxygen in water by microorganisms, and, as a result, ferrous 
iron [Fe(II)] resolves in soil solution. Since resolved Fe(II) is 
active and easy to hydrate, it can be used to deduce the 
hydraulic conductivity of soil. 

Motomura (7) succeeded in showing that hydraulic con- 
ductivities of soils decrease due to the existence of resolved 
Fe(II) under a reducing condition. He evaluated the Fe(II) 
content periodically in several types of soils by extracting 
Fe(II) from these samples with 0.2% AlCl solution (pH 3.7), 
using an a,a’-dipyridyl method on the solution extracted. The 
changes in the Fe(II) content of Togane clay loam, Akita silty 
clay, and Kawazato light clay are shown in Figure 7.4. It is 
clear from Figure 7.4 that the ferrous iron content increased 
with time in soils submerged but that the percentages in- 
crease differed among soils. These differences were attributed 
by Motomura (7) to the difference in soil reduction. 

Table 7.2 shows changes in the ferrous iron, Fe(II), con- 
tents in run 1 where disturbed Kawazato light clay was 
packed in a test bottle, stirred well, and submerged for 38 
days under 30°C. While the Fe(II) content increased in the 
soil, the pH value of the skimmed water slightly increased and 
its Eh value remarkably decreased during this run. In run 2, 
disturbed Kawazato light clay was also submerged for 40 days 


Effects of Microbiological Factors on Water Flow in Soils 267 


Togane clay loam y- -= ~ 
q7 


Akita silty clay 


Contents of Fe(II) (mg per 100 g dry soil) 


0 5 10 15 20 25 30 35 40 
Time (day) 
Figure 7.4 Change of contents of ferrous iron [Fe(II] in three 
soils. (From Motomura, S., Bull. Natl. Inst. Agric. Sci. Ser. B 21:1— 
114 (1969). With permission.) 


Table 7.2 Changes in Physical and Chemical Properties of 
Kawazono Clay During Long-Term Submergences 


Item Initial value Final value 
Fe(II) (mg g * dry soil) 0.017 6.93 
Run 1 In skimmed water 
PH 5.4 6.7 
Eh (mV) +455 —127 
Item Natural field soil Submerged packed soil 
Porosity (em? cm~?) 0.544 0.627 
Run 2 Saturated hydraulic 
Conductivity (em s~+) 4.9 x 10-4 2.0 x 107 


Source: Motomura, S., Bull. Natl. Inst. Agric. Sci. Ser. B 21:1-114 (1969). With 
permission. 


under 30°C and sampled without disturbance to know the 
effect of reduction on the saturated hydraulic conductivity. It 
is apparently a contradiction that the porosity of submerged 
soil is larger than that of the natural soil while the saturated 
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hydraulic conductivities of the submerged soil are rather 
smaller than that of the natural soil. 

On the other hand, the hydraulic conductivity of 
Akita silty clay, whose Fe(II) content increased only a little 
in 40 days, did not change from its initial value of 1.6 x 107° 
cm" to the final value of 1.3 x 10°° em s™* (which is not 
indicated in Table 7.2). Motomura (7) concluded that the hy- 
draulic conductivities of soils decrease with reductions, be- 
cause Fe(II) tends to increase in the solution of reduced soils 
and the dissolved Fe(ID is so active that it is apt to hydrate or 
absorb to soil colloid, resulting in a decrease in effective pore 
space for water percolation. 

It is expected that when nutrients and energy sources 
are added to the reduced soils, the activities, metabolism, 
and numbers of microorganisms will increase more and the 
hydraulic conductivities of the soils may continue to decrease. 
Motomura (7), Frankenberger et al. (4), and many other 
researchers confirmed this prediction by adding glucose, sac- 
charose, or potassium nitrate to the percolating water and by 
recognizing the resulting decrease in hydraulic conductivities 
of soils with time. For example, the hydraulic conductivity of 
the reduced Kawazato light clay mentioned above continues to 
decrease, from 2.0 x 1075 to 4.0 x 10 ©cms +, on the addition 
of glucose. 

The principal indirect effect on hydraulic conductivities 
of microbes in soils is thus that of soil reduction. Although this 
indirect effect is of major importance in rice paddies, which 
are so predominant in Asian agriculture, less attention has 
been paid to this effect. Mitsuchi (8) reported the vertical 
distribution of iron (free iron oxide) in volcanic ash soil 
samples taken from rice paddies and adjacent upland fields. 
Figure 7.5 shows an example of the distribution of iron plotted 
from their data. In upland fields, iron is distributed relatively 
uniformly, whereas there were sharp peaks in rice paddies at 
depths of 20 to 30 cm. This is known to be evidence of eluvia- 
tion of iron from surface soil and its accumulation within 
subsoil, where traffic pans exist. There is neither eluviation 
nor accumulation of iron in upland fields, since ponded water 
is not required there, and therefore reductive subsoil will not 
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Figure 7.5 Profiles of iron contents in soils in paddies and adja- 
cent upland fields. (From Mitsuchi, M., Jpn. J. Soil Sci. Plant Nutr. 
41(8):307—-313 (1970). With permission.) 


be generated. In forests, the iron distribution may be as uni- 
form as in upland fields. Such an uneven distribution of iron 
in rice paddies will have an influence on the percolation of 
water, but little is known on this point. 


Il. EFFECTS OF MICROBIOLOGICAL FACTORS 
ON WATER FLOW IN NATURAL SOILS 


A. Microorganisms in Soils 


There are many kinds of microorganisms in soils. Among 
them, bacteria, fungi, and actinomycetes are predominant. 
There are, for example, about 10’ to 108 bacteria in 1 g of 
dry soil, which decompose both organic and inorganic matter 
in soils, keeping a delicate ecological balance. Since the spe- 
cific surfaces of soils range from about 10 to 100 m? g~t, there 
may exist, by a simple calculation, about 10 to 1000 bacteria 
per 1 cm’ of soil particle surface. The number of microorgan- 
isms is generally greatest at the land surface and decrease 
with soil depth to about one tenth of that value at a depth 
of 50 cm and to less than 1/1000 at a depth of 100 cm. It is 
evident that the number of microorganisms in soils is gener- 
ally more than that in fertile lakes, where about 10° cells of 
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microorganisms exist in 1 cm? and is much more than that in 
seawater, where about 10° cells exist in 1 cm’. 

The states and activities of microorganisms in soils are 
affected by the prior utilization of the land. In forest soils, the 
main substrates for microorganisms are fallen leaves, and, 
generally, no tillage and no fertilizers are added to the soils, 
while in agricultural fields, chemical treatments (throwing in 
fertilizers and medicines) and physical treatments (cultiva- 
tion and irrigation) disturb the substrate for microorganisms. 
These disturbances may to some degree change the distribu- 
tion of microorganisms. For example, the types of microorgan- 
isms in upland fields differ from those in paddies. In upland 
fields, as oxygen in soil pores is relatively abundant, aerobic 
bacteria are predominant, whereas in paddies, soils under 
ponded water are reduced and anaerobic bacteria are predom- 
inant. 

Ishizawa and Toyoda (9) counted the number of bacteria 
in volcanic ash soil samples taken at every depth from forests, 
paddies, and upland fields in the Kanto area of Japan. Figure 
7.6 is an example of the vertical distribution of bacteria 
counts. It is evident that the number of bacteria is highest at 
the land surface and decreases with depth exponentially. They 
noted that the counts of microorganisms were higher in arable 
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Figure 7.6 Vertical distributions of bacteria in fields of volcanic 
ash soils. (From Ishizawa, S. and Toyoda, H., Bull. Natl. Inst. Agric. 
Sci. Ser. B 14:203-284 (1964). With permission.) 
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soils (i.e., in paddies and upland fields) than in virgin soils 
(i.e., in forests). 

Fujikawa et al. (10) counted the numbers of bacteria 
and fungi separately in a field under rotating use for rice and 
vegetable productions in Kyusyu area of Japan. Figure 7.7 
shows their periodical vertical distributions. Special attention 
must be paid to the cropping schedule of this field where the soil 
had been submerged for a paddy use from May to September 


Depth (cm) 


104 10° 108 107 108 
Bacteria (per g dry soil) 


Depth (cm) 


10! 102 103 104 108 106 
Fungi (per g dry soil) 
Figure 7.7 Seasonal change in count profiles of bacteria and fungi 
in a field under rotating use. (After Fujikawa, T., Miyazaki, T., and 
Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 71(3):111-118 
(2003). With permission.) 
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and drained for an upland use from October to April every 
year. Figure 7.8 shows the three phase distributions of soils 
in both October when the air phase was very small due to the 
submergence and subsequent swelling of the soil under a 
paddy use, and in March when the air phase was relatively 
high due to the drainage and tillage after the harvest of rice. 
In addition, Fujikawa et al. (10) found that CO» concentration 
underneath was greatly higher in October than in March 
probably due to the higher average soil temperature from 
land surface to 100 cm depth in October than in March. It is 
a matter of interest that even under such different physical 
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Figure 7.8 Seasonal change in solid, air, and liquid phase profiles 
in a field under rotating use. (After Fujikawa, T., Miyazaki, T., and 
Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 71(8):111-118 
(2003). With permission.) 
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conditions the distributions of microbial counts are rather 
stable as are seen in Figure 7.7. 


B. Microbiological Effects on Permeability 
of Natural Soils 


One of the most popular techniques for investigating micro- 
biological effects on the flow of water in soils is comparison of 
the difference in hydraulic conductivities between sterile soils 
and nonsterile soils. Soils submerged with water, dissolving 
sterilizers, or nutrients are also used for comparison of the 
difference in hydraulic conductivities. In sterile soils (or in 
soils treated with a water-soluble sterilizer), the hydraulic 
conductivities change with time due to physical and chemical 
factors, whereas in nonsterile soils (or in soils treated with 
water-soluble nutrients), the hydraulic conductivities change 
due to physical, chemical, and microbiological factors. 

Miyazaki et al. (11) reported microbiological effects such 
as those noted above on soil permeabilities. They took four 
undisturbed volcanic ash soil samples at 10-cm increments 
from the land surface down to a depth of 60 cm in a forest, a 
rice paddy, and an upland field located close together in the 
Kanto area in Japan. Figure 7.9 shows profiles of hardness, 
water content, and bulk density in these fields. A sharp 
peak in hardness assumed to be the traffic pan appeared at 
a depth of 25 cm in the rice paddy. A similar but weak peak in 
hardness appeared at a depth of 20 cm in the upland field. The 
bulk density of the surface soil in the forest was lower than 
that of the subsurface soil, whereas those in the rice paddy 
and upland field were higher than that of the subsurface soil. 
These profiles are important for a comparison of the microbio- 
logical effects on hydraulic conductivities of soils at different 
depths. 

A set of four samples was divided into two groups of 30 
samples each. One group was treated with a water-soluble 
sterilizer (0.2% sodium azide) and another group was treated 
with a water-soluble nutrient (1% saccharose). The alterna- 
tive wetting and drying procedure used by Frankenberger 
et al. (4) was adopted, as it was expected that both aerobic 
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Figure 7.9 Profiles of hardness, water content, and bulk density 
of volcanic ash soil in (a) a forest, (b) a paddy field, and (c) an upland 
field. (After Miyazaki, T., Nakano, M., Shiozawa, S., and Imoto, H., 
Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 155:69—76 (1991). With 
permission.) 


100 


and anaerobic bacteria might become active during prolonged 
submergence. 

Figure 7.10(a) shows the change in hydraulic conductiv- 
ities of soils treated with water-soluble sterilizer, and Figure 
7.10(b) shows the change in hydraulic conductivities of soils 
treated with water-soluble saccharose. The dimensionless 
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Figure 7.10 Logarithms of the ratio of hydraulic conductivities 
K, to the initial hydraulic conductivities Ko of samples treated with 
(a) water-soluble sterilizer and (b) water-soluble saccharose. (After 
Miyazaki, T., Nakano, M., Shiozawa, S., and Imoto, H., Trans. Jpn. 
Soc. Irrig. Drain. Reclam. Eng. 155:69—76 (1991). With permission.) 


hydraulic conductivities in Figure 7.10 were obtained by di- 
viding each hydraulic conductivity value by its initial value. 
The hydraulic conductivities of soils treated with nutrient 
water decreased more than those of soils treated with steril- 
ized water, due to the microbiological effects of the nutrient 
water. 

As shown in Figure 7.5—Figure 7.9, soil profiles may affect 
the change in hydraulic conductivities. Figure 7.11—Figure 7.14 
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Figure 7.11 Changes in hydraulic conductivities of soils picked up 
from depths of 0 to 10cm. (After Miyazaki, T., Nakano, M., Shio- 
zawa, S., and Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
155:69-76 (1991). With permission.) 


show the change in hydraulic conductivities at each depth in 
forest soils, paddy field soils, and upland field soils. In the top 
soils of depth 0 to 10 cm (Figure 7.11), a gradual decrease 
occurred in all the samples, but there were no notable differ- 
ences in the change between sterile and nutrient treatments. 
The decreased values in soils treated with sterile water are 
attributed to the changes of soil structure during treatment 
with sodium azide. The decreased values in soils treated 
with nutrient water are attributed to an increased bacteria 
count. In subsoils 20 to 30 cm deep (Figure 7.12), there were 
no notable differences in the change in hydraulic conductivities 
between sterile and nutrient treatments in forest soil and 
upland soil, whereas a big difference appeared in the paddy 
field soil. The decrease in hydraulic conductivity in the soil 
treated with nutrient water is attributed partly to an increase 
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Figure 7.12 Changes in hydraulic conductivities of soils picked up 
from depths of 20 to 30cm. (After Miyazaki, T., Nakano, M., Shio- 
zawa, S., and Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
155:69-76 (1991). With permission.) 


in microorganisms and partly to a reduction in iron accumu- 
lated at this particular depth in paddy fields. In subsoils 30 to 
40 cm deep (Figure 7.13) and 50 to 60 cm deep (Figure 7.14), 
little change in hydraulic conductivities occurred in soils treat- 
ed with sterile water, and an obvious decrease occurred in soils 
treated with nutrient water, probably due to the increase in 
microorganisms. 


IV. EFFECTS OF MICROBIOLOGICAL FACTORS 
ON WATER FLOW IN CLAY LINERS OF 
LANDFILL SITES 


Clay liners are used as contaminant barriers of solid waste 
disposal facilities. Kamon et al. (12) investigated the effects of 
the redox potential and the microbial activity on the hydraulic 
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Figure 7.13 Changes in hydraulic conductivities of soils picked up 
from depths of 30 to 40cm. (After Miyazaki, T., Nakano, M., Shio- 
zawa, S., and Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
155:69-76 (1991). With permission.) 


conductivity of Osaka marine clay used for landfill bottom 
liners. In their experiment, dithionite was used to maintain 
the soil system in a low Eh, i.e., reduced condition, and such 
nutrients as 1000 ppm of zinc acetate and 100 ppm of ammo- 
nium dihydrogenphosphate were used to supply bacteria in 
the soil with substrates. Osaka marine clay is composed of 
45.8% clay, 52.1% silt, and 2.1% sand fractions, with 0.63% of 
low total organic carbon. They conducted the hydraulic con- 
ductivity test by mixing 20% quartz sand because this mixture 
is widely used to optimize the hydraulic conductivity of com- 
pacted clay liner in both laboratory researches and construc- 
tions of prototype liners. The mixed quartz sands were coated 
with Fe(III) to enhance the redox reaction during the hy- 
draulic conductivity tests, in runs 2, 3, and 4 out of four runs. 
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Figure 7.14 Changes in hydraulic conductivities of soils picked up 
from depths of 50 to 60cm. (After Miyazaki, T., Nakano, M., Shio- 
zawa, S., and Imoto, H., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 
155:69-76 (1991). With permission.) 


Kamon et al. (12), however, found that there were no 
obvious changes in the free swell index, the liquid limit, or 
the hydraulic conductivity of the marine clay when such 
strong reducing agents as dithionite and Fe-coating were 
used. On the other hand, they found that the hydraulic con- 
ductivities of the clay samples decreased as much as three 
orders, as shown in Figure 7.15, during 80 days when nutri- 
ents were applied for the growth of microorganisms. They 
concluded that both the formation of biofilm on the surface 
of the soil particles and anaerobic inorganic precipitation in 
the soil pores are responsible for the remarkable reduction in 
hydraulic conductivity. Finally, since clay liners are practi- 
cally subject to reduced conditions, they concluded that these 
anaerobic microbial activities may provide rather preferable 
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Figure 7.15 Change in hydraulic conductivity of marine clay with 
permeating time when nutrients are applied for microbial produc- 
tion. (After Kamon, M., Zhang, H., Katsumi, T., and Sawa, N., Soils 
Found. 42(6):79-91 (2002). With permission.) 


effects on the hydraulic performance of marine clay as natural 
landfill liners at offshore landfill sites in Japan. 


V. MICROBIAL CLOGGING MODELS 
A. Microbial Clogging in Soils 


There are two hypotheses to explain the mechanism of clogg- 
ing in soils due to microbial growth resulting in a reduction in 
saturated hydraulic conductivities. The first is the bio- 
film model, where bacteria cover the pore walls of soil with 
biofilms in which the cells are intimately associated with a 
meshwork of exopolymers or glycocalyx. The second is the 
microcolony model, where the adherent bacteria exist dis- 
persed on the solid surface, forming microcolonies that grow 
by consuming substrate and electron acceptor in the soil 
solution. 

Harvey et al. (13) found that a majority of bacteria in 
contaminated and uncontaminated zones of an aquifer in 
Cape Cod, Massachusetts, were bound to the surfaces of soil 
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particles less than 0.06 mm in diameter, and that microcolo- 
nies of between 10 and 100 bacteria were common features on 
these soil particle surfaces. 

On the other hand, McCarty et al. (14) pointed out that 
“to adequately understand the kinetics of microbiological pro- 
cesses in groundwater, an understanding of biofilm kinetics 
and their application to groundwater system is necessary.” 

Vandevivere and Baveye (15) reported a saturated hy- 
draulic conductivity reduction caused by aerobic bacteria in 
sand columns. They presented a relation between the value of 
KK. versus biomass density in the soil column as shown in 
Figure 7.16, where K, is the saturated hydraulic conductivity 
and K,po is its initial value. The K,/K,) value decreased mark- 
edly with biomass density, almost exponentially. Through 
elaborate analysis of the experimental results, they confirmed 
the commonly observed fact that much of the reduction in 
hydraulic conductivity takes place at the inlet end of the 
sand column, associated with the formation of bacterial 
mat. Further, depending on the experimental evidence that 
bacteria did not form biofilms uniformly covering the pore 
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Figure 7.16 Relation between the values of K,/K, 9 versus biomass 
density in the soil column. (After Vandevivere, P. and Baveye, P., 
Soil Sci. Soc. Am. J. 56:1-13 (1992). With permission.) 
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walls, they concluded that the biofilm model would not 
be mechanistically appropriate to describe the accumulation 
of biomass in the pore space. They noted that this indication 
is applicable when the C/N ratio is normal (less than 39 in their 
experiment) but is not necessarily applicable when the C/N ratio 
is high (77 in their experiment). Finally, they postulated 
that the mechanism responsible for most of the reduction 
in hydraulic conductivity is accumulation of the cells them- 
selves. 

Several other studies have suggested that most microbes 
grow in colonies attached to solid surfaces rather than as 
attached uniform biofilms or free-floating organisms sus- 
pended in the liquid phase. Although the mechanism of mi- 
crobial clogging in soils and resultant reduction of water 
permeability is still under investigation both experimentally 
and theoretically, it seems at present that the evidence sup- 
porting the microcolony concept is stronger than the evidence 
supporting the biofilm concept. 


B. Microbial Clogging Models 


Three typical models have been developed in recent years to 
describe the microbial clogging process in soils. All these 
models are based on the assumption that the effects of gaseous 
production in soils can be excluded or negligible. However, 
referring to the experimental evidences by Reynolds et al. 
(5), de Losanda et al. (16), and Seki et al. (6), the inclusion of 
gaseous production by microbial respiration will be inevitable 
in establishing the clogging models in soils, although it has 
not been achieved yet. 

The first existing model is a biofilm-coating model, pro- 
posed originally by Ives and Pienvichitr (17) to describe the 
reduction of hydraulic conductivity due to the coating of the 
internal walls of the capillaries by colloids, and applied later 
by Vandevivere et al. (18) to describe the microbial clogging 
process. Figure 7.17 shows an illustrative biofilm coating 
in a capillary tube. They assumed that the bundle of these 
capillary tubes represents a porous material. By defining the 
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Figure 7.17 Schematic illustration of biofilm coating in a capil- 
lary tube. 


; 


biovolume ratio a as the bulk volume of biofilm per unit pore 
volume of the clean unclogged porous medium with, 


Feats) (7.1) 
n 
where n is the initial porosity and m, the porosity after the 
coating of capillary tubes by biofilms, Vandevivere et al. (18) 
recasted the resultant saturated hydraulic conductivity of this 
materials as 


K, = K(1— a)? (7.2) 


where p is a parameter larger than or equal to zero. 

The second model was proposed by Taylor et al. (19), 
who assumed that a biofilm is developed in such a way that 
all the uniform spheres constituting the porous medium are 
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regularly packed and coated with an impermeable film of 
biomass of a constant thickness. They applied the well- 
known Kozeny—Carman-based equation and Mualem-based 
equation to formulate the effects of microbial clogging of 
these saturated uniform spheres. Vandevivere et al. (18) com- 
pared the agreements of Ives’ model, Kozeny—Carman-based 
model, and Mualem-based model with the available data sets 
in the literature, and concluded that all these existing micro- 
bial clogging models slightly overestimate the clogging in the 
coarse-textured glass beads (1-mm beads), while they vastly 
underestimate the clogging in finer-textured sands (ranging 
from 0.7- to 0.09-mm sand). 

The third model is a bacterial plug model as shown in 
Figure 7.18, proposed by Vandevivere et al. (18), where micro- 
organisms form plugs in the internal space of porous media 
instead of (or in addition to) forming biofilms. They suggested 
that, even though this bacterial plug model is too crude and 
simplistic, the alteration from biofilm model to bacterial plug 
model brought about a more reliable prediction of the decrease 
in saturated hydraulic conductivity of fine sand (0.09-mm 
sand). In addition, they pointed out the importance of involv- 
ing the effects of cell accumulation, byproduct accumulation, 


Plugs 


Figure 7.18 Schematic illustration of a simple clogging model 
based on the formation of bacterial plugs in the lumen of uniform, 
cylindrical capillaries. (After Vandevivere, P., Baveye, P., Sanchez 
de Lozada, D., and DeLeo, P., Water Resour. Res. 31:2173—2180 
(1995). With permission.) 
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gas production, and predation in the microbial clogging 
processes. 


C. Colony-Enveloping Model 


As Vandevivere et al. (18) pointed out, mathematical models 
assuming the microorganisms to be present only in biofilms 
uniformly coating the solid surfaces have oversimplified 
the pore-scale geometrical configurations of clogged soils. 
The plug model given in Figure 7.18 was a possible alternative 
but still gave a limited success. 

Seki and Miyazaki (20) made a mathematical model for 
biological clogging by taking into account the effect of micro- 
bial distribution on each soil particle. They introduced a col- 
ony-enveloping space concept as shown in Figure 7.19 to 
describe the microbial colony formation and to relate it to 
water flow in soils. The space was assumed to form a film 
with uniform thickness of L, that was identical to the maxi- 
mum colony thickness among existing colonies. The biofilm 
formation around the soil particles is involved in this model 
as an extreme case when there are so many microbial colonies 


Colony-enveloping space 


Figure 7.19 Schematic illustration of colony-enveloping space 
model whose thickness, L», is equal to the maximum colony thick- 
ness around a soil particle. (After Seki, K. and Miyazaki, T., Water 
Resour. Res. 37(12):2995-2999 (2001). With permission.) 
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on each soil particle that they are completely connected to 
each other. Saturated water flow in the soil where the col- 
ony-enveloping spaces are thus formed may be definitely 
affected by the pore throat size between each soil particle 
and by the pressure gradient. 

A convenient and reliable relation between the saturated 
water flow and the pore throat size in porous media was given 
by Ewing and Gupta (21), who approximated that the flux of 
water through a circular pore throat is proportional to the 
third power of the throat diameter. Based on this approxi- 
mation, Seki and Miyazaki (20) related the saturated hy- 
draulic conductivity of the clogged soil and the pore throat 
size as 


d—2Ly _ i 


7 Ko (7.3) 


where d is the initial pore throat size, K, is the saturated 
hydraulic conductivity of the clogged porous medium, and 
Ko is the saturated hydraulic conductivity of the clean porous 
medium. It is more preferable to relate the saturated hy- 
draulic conductivity ratio K,/K,) to the biovolume ratio a 
defined by (7.1) for the comparison between the prediction 
by the model and available experimental data. For this pur- 
pose, Seki and Miyazaki (20) applied the nonsimilar media 
concept (NSMC) model, described in detail in Chapter 9. In 
the first step, they assumed that the characteristic length of 
the pore phase d, given by 


a= \G)"-}s (7.4) 


is identical to the pore throat size, where 7 is the shape factor 
of the solid phase, n is the porosity, and S is the characteristic 
length of the solid phase. The readers are referred to Chapter 9 
for the definitions of the parameters d, S, and 7. In the second 
step, they introduced the enveloping factor 8, which is defined 
as the bulk volume of biomass per unit volume of colony- 
enveloping space, in the form of 
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-1 
S an _ 2Lp 3 
p= A (1 3) | , 0<8<1 (7.5) 


Equation (7.5) was easily obtained geometrically by compar- 
ing the volume ratio of biomass to solid clean particles in 
terms of biovolume ratio a as 


Vy an 

2b 7.6 

V, l-n ce) 
and in terms of enveloping factor 6 as 

Vp _ BVe 

A A (7.7) 


where V, is the biomass volume, V, is the volume of the clean 
solid phase, and V; is the volume of the colony-enveloping 
space. When many colonies are forming biofilms around the 
soil particles, 8 can be set as equal to unity. 

In their third step, Seki and Miyazaki (20) obtained em- 
pirical relationships between L, and £ for each range of beads 
sizes by using the data of Cunningham et al. (22) and Vande- 
vivere and Baveye (23), as shown in Table 7.3. Once the 
empirical relationship between L, and £ is found, and when 
the values n and S are given, we can determine the unknown 
L, value as a function of the biovolume ratio a by solving 
the simultaneous equations (Equation (7.5)) and one of the 
equations in Table 7.3. It is plausible to assume that the 


Table 7.3 Empirical Equations of B as Functions of Lp for Each 
Size Fraction of Beads Calculated from the Data in Ref. (18) 


Sample Fitted equation 

1-mm beads B = 11.383L7°5566 

0.7-mm beads b= 0.0004L; — 0.0377Ly + 1.3160 
0.54-mm beads B = 0.0005L? — 0.0343Ly + 0.9190 
0.12-mm beads B = 0.0009L¢ — 0.0462L, + 0.8748 
0.09-mm sand B = —0.0044L, + 0.1945 


Source: Seki, K. and Miyazaki, T., Water Resour. Res. 37(12):2995—-2999 (2001). With 
permission. 
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Figure 7.20 Saturated hydraulic conductivity ratio as a function 
of biovolume ratio. Measured values (symbols) are from Ref. (18) 
and predicted values (lines) are based on the colony-enveloping 
space model. (After Seki, K. and Miyazaki, T., Water Resour. Res. 
37(12):2995-2999 (2001). With permission.) 


characteristic length of solid phase, S, is equal to the repre- 
sentative particle size of the beads. 

In the final step, they calculated the saturated hydraulic 
conductivity ratio K,/Kg,o as a function of the biovolume ratio a 
through Equation (7.3) and obtained Figure 7.20, where good 
agreements between published experimental data and theo- 
retically calculated values were obtained. It is notable that by 
introducing the enveloping factor B in the colony-enveloping 
space concept, the abrupt decreases in the K,/K,o values 
against a were successfully reproduced. 


VI. MICROBIAL GROWTH AND SUBSTRATE 
TRANSPORT MODEL 


A. Microcolony Concept 


The internal mechanisms of direct and indirect microbial 
effects on hydraulic properties of soils are still vague, as 
mentioned above. Although there are many concepts and 
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models describing the relation between microbial growth and 
hydraulic properties of soils as reviewed by Baveye and Valoc- 
chi (24), all of them are still under investigation. 

Based on observations by Harvey et al. (13), who con- 
firmed that more than 95% of the total biomass was attached 
to particle surfaces, Molz et al. (25) adopted the microcolony 
model in their simulation rather than the biofilm model. 
Although they assumed as a condition of their calculations 
that the increased number of microcolonies in a porous me- 
dium does not affect the saturated hydraulic conductivity 
value, it is likely that microbial growth in the form of micro- 
colonies reduces the permeability of natural soils. The 
microcolony concept of aerobic microorganisms proposed by 
them may help us understand how microbial growth is related 
to the transport of substrate and oxygen in soils. The following 
description is based largely on their work. 

Figure 7.21 shows the microcolony model proposed by 
Molz et al. (25). Here, a typical microcolony is modeled using 
a uniform cylindrical plate of radius rą and thickness r7. 
A diffusion boundary layer of thickness 6 separates the pore 
bulk liquid from the microcolony. Each microcolony is as- 
sumed to occupy separate sites on solid surfaces. Substrate 
and oxygen are assumed to be supplied by molecular diffusion 
through the diffusion boundary layer from bulk solution to 


Diffusion ee 


layer x “Bulk liquid” Sa 
ye 


Figure 7.21 Microcolony model. (After Molz, F. J., Widdowson, 
M. A., and Benefield, L. D., Water Resour. Res. 22(8):1207-1216 
(1986). With permission.) 
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each colony. The diffusion fluxes of substrate and oxygen must 
be identical with the amounts consumed in each microcolony. 

A marked feature of their microcolony model is that the 
biomass growth in a porous medium is not accounted for by 
the increases in each microcolony but by the increased num- 
ber of microcolonies, even though the diffusion layer model 
above each microcolony (Figure 7.21) is adopted. This manipu- 
lation is slightly confusing but makes for simpler mathemat- 
ical treatment. 


B. Conservation and Production of Biomass 
in a Microcolony 


1. Flow Rate Chart of Material 


Figure 7.22 shows a flowchart of the oxygen and substrate 
consumed by a microcolony during conservation and produc- 
tion of biomass. Note that the organic removal rate is identical 
to the rate of substrate utilization per colony. In Figure 7.22, 
the rate of substrate consumption (r,) is composed of the rate 
of gross biomass production (Yr,) and the rate of substrate 


lo 
hY YR 


Oxygen 
consumption 
rate 


Biomass 
oxidation rate 
for energy of 
0- Yr Substrate maintenance 
consumption rate 
for energy of 
gross biomass 
production 


Gross biomass Net biomass 
production rate | Yr,- Kam, production rate 


Figure 7.22 Flowchart of oxygen and substrate consumed by 
a microcolony. (Modified from Molz, F. J., Widdowson, M. A., and 
Benefield, L. D., Water Resour. Res. 22(8):1207—1216 (1986). With 
permission.) 
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consumption for the supply of energy of gross biomass produc- 
tion [(1 — Y)r,]. Oxygen is consumed as an electron acceptor 
oxidizing both substrate and biomass. The rate of oxygen 
consumption (ro) is composed of the rate of oxidization of 
substrate (yYr,), which provides the energy for gross biomass 
production, and the rate of oxidation of biomass (ro — yYrs), 
which provides the energy for maintenance of biomass. A part 
of the gross biomass produced is oxidized to provide the en- 
ergy for maintenance of biomass (whose rate is Kgm,), and the 
remaining part is the net biomass (whose rate is Yr, — Kame). 
All the notations in Figure 7.22 are defined in the following 
sections. 


2. Monod Equation 


When the only variable in a given system is substrate con- 
centration S (mass volume‘), biomass production rate R 
(mass time *) is related to S by the Monod equation, 


S 


RET (7.8) 


R= Rms 
where Rms is the potential biomass production rate provided 
that sufficient substrate is supplied (mass time’), and K, is 
the substrate saturation constant (mass volume‘). Similarly, 
when the only variable in the system is oxygen concentration 
O (mass volume), R is related to O by 


O 


R= Rm 6 


(7.9) 
where Rmo is the potential biomass production rate provided 
that sufficient oxygen is supplied (mass time‘) and K, is the 
oxygen saturation constant (mass volume‘). Figure 7.23 
gives an outline of the Monod equation when the only variable 
is S. The modified Monod equation where both substrate 
concentration and oxygen concentration change is given by 
(25) 


S O 


Roe oe OD 


(7.10) 
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Figure 7.23 Conceptual curve of the Monod equation. 


where R,, is the potential biomass production rate (mass 
time!) when sufficient substrate and oxygen are supplied. 

Application of Equation (7.10) to the gross biomass 
production rate per microcolony yields a modified Monod re- 
lationship for microbial growth kinetics (25): 


(0) 


s 
Buann 7.11 
K, +s K, +o ( ) 


Yr, = HmMe 


where Y is the yield coefficient for microorganisms (dimen- 
sionless), r, is the rate of substrate utilization per colony (per 
mass colony per time), the product Yr, is the gross biomass 
production rate, um is the maximum specific growth rate 
of microorganisms (mass mass‘ time‘), me is the mass of 
microorganisms per colony (mass colony‘), s is the substrate 
concentration within a colony (mass volume’), and o is the 
oxygen concentration within a colony (mass volume‘). The 
product of um and m, is the potential biomass production rate 
when sufficient substrate and oxygen are supplied. 

Mass balances of substrate and biomass give other quan- 
titative relations in Figure 7.22. For example, the remainder 


rs — Yrs (7.12) 
gives the substrate oxidation rate that is required to provide 


the energy of biomass production. The main part of the gross 
biomass produced contributes to produce net biomass, while 


Effects of Microbiological Factors on Water Flow in Soils 293 


the remainder contributes to maintaining the biomass itself. 
Assuming that the biomass oxidation rate for maintenance 
energy is proportional to the biomass per colony me, the bio- 
mass oxidation rate is given by 


Kame (7.13) 


where Kg is the microbial decay coefficient (mass mass + 


time *) (25). The remainder of the gross biomass, 
Yr, — Kame (7.14) 


gives the net biomass production rate. 

Oxygen is consumed to provide the energy for biomass 
production. Denoting the oxygen use coefficient for synthesis 
of biomass by y (dimensionless), the oxygen consumption rate 
as an electron acceptor is given by 


Yr. (7.15) 


The remainder, 
— Yr; (7.16) 


gives the oxygen consumption rate required to provide the 
energy for maintenance of biomass by its oxidation. The 
Monod equation also gives the same oxygen consumption 
rate independently as 


— Yr, = oKame ryg = (7.17) 
where a is called the oxygen use coefficient for energy of 
maintenance (25) and K; is the oxygen saturation constant 
for decay. 


3. Fluxes in Diffusion Layer 


Independent of the Monod relation, the substrate consump- 
tion rate r, and the oxygen consumption rate r, per microcol- 
ony are both estimated by assuming that they are equal to the 
diffusion fluxes in the diffusion layer between the bulk liquid 
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and the microcolony in the model (Figure 7.20). The diffusion 
equations are given by 


S—s 
rs =D — mr? 


5 (7.18) 


ro = Da ar? (7.19) 
where D,, and Do» are diffusion coefficients in the boundary 
layer for substrate and oxygen, respectively; S is the substrate 
concentration in the bulk liquid (mass volume’); O is the 
oxygen concentration in the bulk liquid (mass volume *); 
and 6 is the thickness of the diffusion boundary layer. 


4. Advection—Dispersion Equations 


One-dimensional liquid flow in saturated soils is denoted by 
Darcy’s equation. Figure 7.24 is the one-dimensional control 
volume, in which a large number of soil particles and micro- 
colonies are contained. Microcolonies decrease both substrate 
and oxygen values in the advection—dispersion equation. 

On the same scale, using Darcy’s equation, substrate flow 
and oxygen flow in saturated soils are described by advection— 
dispersion equations. The advection flux of substrate, qas 
(mass length? time +), and the advection flux of oxygen, 
dao (mass length” time +), are given by 


das = NVS (7.20) 


an —— Sink ~ hout 


x- & x x+ X 
2 2 


Figure 7.24 One-dimensional control volume in which a large 
number of soil particles and microcolonies are contained as a sink 
of substrate and oxygen. 
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dao = NVO (7.21) 


respectively, where n is the porosity (dimensionless) and vy 
is the average velocity of the pore fluid (length time +). The 
dispersion flux of substrate, qas (mass length? time +), and 
that of oxygen, qao (mass length ? time‘), are given by 


Os 

dds = Ds a (7.22) 
ðO 

qdo = -nDo zz (7.23) 


where D, and D, are the dispersion coefficients of substrate 
and oxygen (length? time‘), respectively. The total flux of 
substrate qs is then given by 


ds = qas + Ads (7.24) 
and the total flux of oxygen q, is given by 
do = Qao + Ado (7.25) 


The sink term in the advection—dispersion equation is 
composed of the consumptions of substrate and oxygen 
by microbes in the control volume (Figure 7.24). Denoting 
the number of microcolonies contained in a unit volume by 
N., the consumption rate of substrate and oxygen in a unit 
volume is given by Nr, (mass volume! time!) and Naro 
(mass volume ‘ time‘), respectively. 

The amount of substrate per unit volume Sis (mass 
volume *) is composed of two fractions, one contained in 
bulk liquid and another absorbed by solid surfaces, such that 


Sts = NS + Sa As (7.26) 


where Sa is the mass of substrate absorbed per unit solid 
surface (mass length ”) and A, is the effective specific surface 
of solid surfaces (length? length *). In the same manner, the 
amount of oxygen per unit volume O;, (mass volume‘) is 
given by 


Oto = nO + Oa As (7.27) 
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where O, is the mass of oxygen absorbed per unit solid surface 
(mass length”). 

The advection—dispersion equations of substrate and oxy- 
gen are thus given by 


OSs = qs 
a OX — Ners (7.28) 
and 
Ots z ado 
OR Nero (7.29) 
respectively. 


5. Solution of Advection—Dispersion Equations 


Numerical solutions of advection—dispersion equations (7.28) 
and (7.29) were obtained by Molz et al. (25) using an iterative 
numerical method. In their simulation, the initial substrate 
concentration S and the initial oxygen concentrations O in 
the bulk liquid were 0.5 mg 17t, and the mass of substrate 
and oxygen absorbed by solid surfaces was assumed to be 
proportional to their mass in the bulk liquid. 

Figure 7.25 is an example of their simulation showing the 
profiles of substrate concentration S, oxygen concentration O, 
and colony density N. after 4 days of liquid percolation. The 
initial condition in their calculation was given such that the 
substrate concentration at the boundary X = 0 was increased 
instantaneously from 0 to 15 mg 1‘ at time zero, and the 
retardation factors f,, and fro were subjected to the calcula- 
tions. Other values of parameters used by Molz et al. are listed 
in Table 7.4. These were selected appropriately from the lit- 
erature and their own estimations for purposes of illustration. 
The dimensions of the parameters for mass, length, volume, 
and time in the table were chosen arbitrarily based on the 
magnitudes of the values. 

In Figure 7.25, colony density Ne was calculated assum- 
ing that the average colony size and mass remain constant 
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Figure 7.25 Simulated profiles of substrate, oxygen, and colony 
density after percolation of liquid for 4days. (After Molz, F. J., 
Widdowson, M. A., and Benefield, L. D., Water Resour. Res. 
22(8):1207-1216 (1986). With permission.) 


Table 7.4 Parameters Used in the Model Calculation by Molz 
et al. (25) 


Parameter Value Remark 

Um (day *) 4.34 Maximum specific growth rate of microorganisms 
Y 0.278 Yield coefficient for microorganisms 

Ka (day~+) 0.02 Microbial decay coefficient 

m. (ng) 0.03534 Mass of microorganisms per microcolony 


D» (cm? day~*) 0.06 Diffusion coefficient of substrate 

D» (cm? day~+) 0.71 Diffusion coefficient of oxygen 

K! (mgcem~*) 0.00077 Oxygen saturation constant for decay 
K, (mgcm™) 0.120 Substrate saturation constant 

K, (mg cm™) 0.00077 Oxygen saturation constant 


a 0.0402 Oxygen use coefficient for energy of maintenance 
y 1.4 Oxygen use coefficient for synthesis of biomass 
ô (cm) 0.05 Thickness of diffusion boundary layer 


even though the individual colony mass varies, which enable 
us to convert the increased biomass in a unit volume into 
an increased number of colonies per unit volume Ne. It is 
noted in Figure 7.25 that the number of colonies increased 
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by approximately 32% in 4 days at the boundary X = 0, where 
sufficient oxygen and substrate were flowing in. 

Molz et al. (25) assumed in their simulation that the 
increase in N, would not affect the saturated hydraulic con- 
ductivity of the medium. Nevertheless, the authors proposed 
that this increase in colony density in a submerged soil may 
be related to the decreased hydraulic conductivities of soils. 
However, as noted by Widdowson (26), many questions remain 
concerning modeling of biologically reactive solute transport 
in the subsurface. Further investigations are required in this 
field, both experimentally and theoretically. 
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I. CHARACTERISTICS OF WATER FLOW 
IN PADDY RICE FIELDS 


A. Water Flow in Unsaturated Subsoil 
in a Paddy Field 


It is sort of amazing that, in paddy rice fields covered with 
surface irrigation water, the subsoils are continuously kept in 
unsaturated conditions, even when the downward water flows 
last for months. 

Hamada and Miyazaki (1) measured the vertical soil 
moisture distributions in an alluvial fan in Japan, where 
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many paddy fields were extending, by using a neutron mois- 
ture meter. The result in the irrigation period measured on 
July 27, 1998, and that in the nonirrigation period measured 
on January 25, 1999, are shown in Figure 8.1. The average 
volumetric water content in the subsoil from a depth of 1m 
down to a depth of 13m was 22% (44%) both in nonirrigation 
periods and in even irrigation periods. The average volumetric 
water contents under the groundwater tables, where the soils 
were saturated, were 47% (44%) and, therefore, the degree of 
saturation in the unsaturated subsoil was estimated to be 
about 47%. 

Hamada and Miyazaki (1) succeeded in confirming the 
existence of the downward unsaturated water flow during 
the irrigation period by applying the quasipartition law of 
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Figure 8.1 Vertical soil water profiles in irrigated and nonirri- 
gated periods in a paddy rice field in Japan. (After Hamada, H. 
and Miyazaki, T., J. Environ. Radioact. 71:89—100 (2004). With 
permission.) 
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Unsaturated soil v, 


V: Volume 

C : 222Rn concentration 
Figure 8.2 Steady state of ??Rn release from a solid phase 
to liquid and gaseous phases. (After Hamada, H. and Miyazaki, 
T., J. Environ. Radioact. 71:89-100 (2004). With permission.) 


radon-222 (°? Rn) in this paddy rice field. Radon-222 is a 
radioactive gas with a half-life of 3.8days generated by the 
decay of radium-226 (Ra) in geological strata. Figure 8.2 
gives conceptually the processes where the 72"Rn gas is re- 
leased into the liquid and gas phases of an unsaturated soil 
pore, and into the liquid phase of a saturated soil pore. Due to 
the peculiar characteristic of radioactive decay, these pro- 
cesses are regarded as steady states. The most conspicuous 
behavior of ??Rn in soils is that the concentration of Rn 
in the liquid phase is much less than in the gas phase and, 
therefore, the concentration of 72*Rn in unsaturated soil 
water, Cwu, is less than that in saturated soil water, Cws. In 
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addition, the concentration ratio, R, defined by the ratio of 
Cwu to Cws 


R- Cwu 100Dw 


Cws 100- (1 — D,)S, -a 


provides the estimation of the degree of saturation, S,, at the 
ambient soil zone, where D,, is the partitioning coefficient ap- 
proximated as a function of temperature T (°C) by Noguchi (2) as 


9.12 


Dw = i704 T 


(8.2) 

Whenever we sample fresh groundwater, ??Rn is con- 
tained in it to a greater or less extent. If the concentration of 
222Rn of the fresh groundwater is relatively high, the water 
has not been mixed with adjacent unsaturated pore water, 
while if the concentration is relatively low, the water has 
been mixed with adjacent unsaturated pore water. Figure 8.3 
shows the change in ?”?Rn concentration of the groundwater 
under a paddy rice field during 2 years in the irrigation period 
(A, B, F) and nonirrigation periods (C, D, E, G). The ground- 
water level is also shown where it is higher during the irriga- 
tion periods and lower during the nonirrigation periods. It is 
very clearly shown that the "Rn concentration of the ground- 
water was less during the irrigation periods due to mixing 
with unsaturated soil water flowing down into the ground- 
water. During the nonirrigation period, downward unsatur- 
ated water flow hardly exists in deep soil zone and, therefore, 
the ??Rn concentration of the groundwater was high. 

Since the degree of saturation in the unsaturated subsur- 
face soil zone calculated by Equation (8.1) was 49%, it is safe to 
say that the agreement of the degree of saturation determined 
by the ?”?Rn concentration and by the neutron moisture meter 
was excellent. 


B. Feature of the Matric Potential Profile 
in a Paddy Field 


Takagi (3) analyzed the vertical downward steady flow of water 
through a two-layered soil of less permeable top layer and more 
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Figure 8.3 Changes in ??Rn concentration in the groundwater, 
corresponding to its fluctuation. Bars are the counting errors. (After 
Hamada, H. and Miyazaki, T., J. Environ. Radioact. 71:89-100 
(2004). With permission.) 


permeable sublayer and emphasized that there exists a pecu- 
liar zone in the sublayer where the matric potential gradient 
is zero and, consequently, the downward water flux is equal to 
the unsaturated hydraulic conductivity. Yamazaki (4) had 
found this peculiarity of unsaturated downward water flow 
earlier. Srinilta et al. (5) also analyzed the steady downward 
flow of water through a two-layer soil based on Darcy’s equa- 
tion, and concluded that a zone of constant matric potential 
never exists. Figure 8.4 schematically gives the point at issue 
whether the matric potential gradient can be zero or larger 
than zero in the upper zone of the sublayer from L; to Lə. 
Note that, in Figure 8.4, the water pressure at the land surface 
is kept at a constant positive value due to continuous irriga- 
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Figure 8.4 A question schematically shown whether the matric 
potential of the subsoil in a paddy rice field under irrigation is 
constant or not. 


tion. Iwata et al. (6) summarized the issue that the gradient of 
matric potential dd,,/dz, having positive values in this coord- 
inate system, always decreases for the upward direction and 
gradually approaches zero. Accordingly, when the unsaturated 
subsoil zone is long enough, the zone with constant pressure 
(d@,,/dz = 0) will appear in the upper part of the sublayer. 

Figure 8.1 agrees well with the conclusion given above in 
an actual field because the constant water content profile in 
the unsaturated zone from a depth of 1 m down to a depth of 
13 m will provide the constant matric potential in this zone. In 
many paddy rice fields in the world, similar situations will be 
seen except when the groundwater level is very close to the 
land surface. 


Il. CHARACTERISTICS OF WATER FLOW 
IN UPLAND AGRICULTURAL FIELDS 


A. Water Flow in Unsaturated Subsoil 
in an Upland Field 


The most favorable soil condition in upland agricultural fields 
is available when the moisture condition is moderate. Poor 
drainage or too much water supply by natural rains or by 
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artificial irrigations may cause an excess soil moisture condi- 
tion in the field, resulting in root decays and inferior plant 
growth. Contrarily, over drying of an upland field due to 
shortage of water supply or due to excess evapotranspiration 
(ET) will bring about soil moisture deficiency that causes 
plant wilting. Except for these extreme cases of excess wetting 
or excess drying, water redistributes every time after a water 
supply, during which soil water will move upward or down- 
ward in proportion to the total potential gradients within the 
soil. The border plane between the upward and downward 
water movements, shown conceptually in Figure 8.5 (7), is 
defined as the zero flux plane, ZFP, where the total potential 
gradient dH/dz is zero. 

Figure 8.6 shows the hydrological balance, given schemat- 
ically by Sharma et al. (8), in a field with vegetation located at a 
semiarid region. The root zone reached at a depth of about 10 m 
and the groundwater table was at a depth of about 18 m. By 


Rainfall 
; i 
| | 
i Soil surface | 


— Total potential (H) + 


Evaporation 


T dH/dz=0 


Zero Flux Plane 


J 


Percolation 


| 
| 
| 


Unsatured or 
vadose zone 


Soild depth (2) 


Figure 8.5 Zero flux plane concept. (After Khalil, M., Sakai, M., 
Mizoguchi, M., and Miyazaki, T., J. Jpn. Soc. Soil Phys. 95:75—-90 
(2003). With permission.) 
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Figure 8.6 Schematic representation of the hydrological balance 
used in the analysis. Here, Z = 10 mand Zə = 18 m are arbitrary 
depths. Z, is the maximum depth for the zero flux plane (ZFP) and 
recharge below this depth is termed R,. Z is an arbitrary depth just 
above the water table and recharge below this depth is termed Rg. 
(After Sharma, M. L., Bari, M., and Byrne, J., Hydrol. Process. 
5:383-389 (1991). With permission.) 


monitoring the moisture content for 3 years with neutron 
probes, and by converting the moisture content profiles into 
the total potential profiles, they found that the ZFP moves from 
very shallow zone down to a depth of 10 m according to the 
water balance among precipitation (P), ET, and soil water 
redistribution. It is noted that water flow in upland agricul- 
tural fields may also be characterized to a greater or less extent 
similar to the case as shown in Figure 8.5 where the ZFP exists. 

Khalil et al. (7) pointed out that it is very important to 
maintain the ZFP higher than the salt accumulated subsoil, 
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nuclear disposals, contaminated layers, etc., and that control- 
ling the ZFP in an unsaturated soil is of a great interest where 
there are many applications especially related to the environ- 
mental, agricultural, and civil engineering. 


B. Tillage Effects on Water Flow in Upland Fields 


The major purposes of tillage in today’s agriculture are, 
according to Taylor and Ashcroft (9), to prepare a seed bed, to 
cover seeds during planting operations, to control weeds, and 
to prepare the land for irrigation. However, careless tillage 
on a hill slope may cause an acceleration of soil erosion that is 
not only unfavorable for the farmer but also a loss of natural 
resources from the viewpoint of global environmental conser- 
vation. The most effective way to prevent soil erosion from 
the beginning is, according to Hillel (10), to avoid the sort of 
tillage that pulverizes the soil excessively and bares the sur- 
face to the action of wind and rain. 

Meek et al. (11) investigated the effects of tillage and 
wheel traffic on the infiltration rate in a furrow-irrigated 
cotton field. To make these effects comparable, they used 
a wide tractive research vehicle (WTRV) by which chiseling 
and traffic treatment could be achieved separately in the same 
field. The tillage was applied between crops and the wheel 
traffic was applied during the season to the furrows. Figure 8.7 
shows the infiltration rate measured 2 h after flooding in 
the field. Comparing the effects of tillage on the soil that 
received the traffic, they concluded that tillage increased the 
infiltration rate probably due to the reduction in bulk density. 
Contrarily, comparing the effects of tillage on the soil of no 
trafficked plots, they found that tillage did not increase and 
sometimes decreased the infiltration rate due to the disrup- 
tion of natural channels by tillage. 


C. Drainage Efficiency in an Upland Field 
in Japan 


Because of the climate in Japan, which varies from tropical in 
the south to cool temperate in the north but mostly temperate, 
the drainage efficiency is a great concern not only for farmers 
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Figure 8.7 Effect of tillage between crops and traffic applied dur- 
ing the season to the furrows on the infiltration rate 2 h after 
flooding in furrow-irrigated cotton. Values within one date followed 
by the same letter are not significantly different (Duncan’s multiple- 
range teat, 0.05 level). (After Meek, B. D., Rechel, E. R., Carter, 
L. M., DeTar, W. R., and Urie, A. L., Soil Sci. Soc. Am. J. 56:908—913 
(1992). With permission.) 


but also for the majority of the citizens. A better drainage of 
excess rainwater brings about a favorable crop production and 
a better city life. 

Recently, alluvial soil in Fukaya, locating at a basin of 
Tone River in Saitama prefecture in Japan and reserving a 
fertile alluvial soil, is indicating a kind of soil degradation and 
the drainage efficiency is declining. Fukaya is one of the most 
famous agricultural upland areas, where high-quality Welsh 
onion is produced. Nakano et al. (12) chose six plots from a 
520-ha field in Fukaya, three plots with high drainage effi- 
ciencies and the other three with poor drainage efficiencies. 
The composition of clay minerals in these plots was almost 
similar and were approximately 20% of Smectite, 30% of Ver- 
miculite, 30 to 40% of Kaolin, and a few percentage of Mica 
and Chlorite. The most remarkable difference between the 
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plots with good drainage efficiencies and the other plots with 
poor drainage efficiencies was seen in the profiles of their 
saturated hydraulic conductivities, as shown in Figure 8.8, 
where G1, G2, and G3 denote the well-drained plots and B1, 
B2, and B3 denote the poorly drained plots. Although there 
was no significant difference in the average saturated 
hydraulic conductivities between the well-drained plots and 
the poorly drained plots, the hydraulic conductivities in well- 
drained plots scattered more than in poorly drained plots. 
In other words, the drainage efficiency of a plot was better 
when the saturated hydraulic conductivities were spatially 
heterogeneous. The integrated effects of periodical tillages 
and traffics may have caused the unfavorable uniformity 
of B1, B2, and B3 plots. Contrarily, the relative nonuniformi- 
ties of the other three plots are attributed to the periodical 
organic matter applications in the G2 plot, and to the ex- 
tremely deep plowing that was applied 5 years ago in the 
G3 plot. The good drainage in the G1 plot may be due to 
the unknown but presumably careful treatment of the soil 
by the farmer. 

Assuming that the heterogeneity of the saturated hy- 
draulic conductivity in a soil profile is suitable for better 
drainage efficiency, such improved soil managements such 
as an effective tillage, an extremely deep tillage, and a non- 
tillage treatment are worthy of more investigations. 


Il. WATER BALANCE IN FIELDS 
WITH VEGETATION 


It is well known that water balances in soils are influenced 
considerably by the change in vegetation. Water balance in 
the root zone of a soil is illustrated in Figure 8.9. Input of 
water to the root zone is composed of two terms, the precipi- 
tation (P) and the upward soil water flux (UF) to the root zone. 
Output of water from the root zone is composed of three terms: 
the surface runoff (SR); the ET, which is the sum of evapor- 
ation from the soil surface (EV) and transpiration from leaves 
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Root zone 


DD UF 


Figure 8.9 Schematic diagram of water balance under vegetation. 


of plants (TR); and the deep drainage (DD). Their relation is 
expressed by the water balance equation 


AS = (P— SR) — ET + UF—DD (8.3) 


where AS is a storage term that is equal to the change in the 
amount of soil water in the root zone. 

Infiltration, given by (P — SR) in Equation (8.3), is 
affected by the surface conditions of fields. On bare fields, 
raindrops hit soil aggregates directly and break them down 
into microaggregates. This change in surface soil structure 
impedes the infiltration of water and, as a result, brings 
about an increase in surface runoff. On the other hand, for 
vegetated fields, since the energy of raindrops is hampered by 
the vegetation, the surface soil structure may not be harmed 
and infiltration into the vegetated fields may be greater than 
infiltration into bare fields. 

The rate of ET is determined by the evaporative demand 
(defined by the maximum evaporation rate from a water res- 
ervoir into the atmosphere), by the upward flux of soil water 
to the soil surface, and by the flux from the soil matrix to the 
root surface of plants. The potential ET is defined as the value 
of ET when soil is sufficiently wet and ET is determined only 
by the evaporative demand. The value of ET usually ranges 
from 3 to 6 mm day? for summer crops in temperature- 
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monsoon area. This value is close to the rate of evaporation 
from a sufficiently wet bare soil. It should be noted that ET is 
almost always higher than the rates of evaporation from bare 
soils, because a plant can collect a great deal of water from the 
soil of a root zone. This is the reason that water is removed 
more from soils under vegetation than from soils without 
plants. 

The UF from the deep zone to the root zone increases 
with a decrease in soil water content in the root zone. The role 
of this flux is negligibly small for plants under plentiful rain- 
fall but becomes significant or rather crucial when the crops 
are suffering from drought (13,14). 

DD occurs when the water supply exceeds the storage 
capacity of the soil. However, DD decreases rapidly a few days 
after a heavy rain and quickly falls below the ET rate; then the 
flux of soil water turns from downward (DD) to upward (UF). 

It should be noted that the ET term has an effect on water 
balance almost throughout the year. On the other hand, the 
contribution of the SR and DD terms to water balance are 
temporal. This means that among the water output terms, 
the role of ET is particularly important in long-term water 
balances. 


IV. EVAPOTRANSPIRATION 
A. Factors Affecting Evapotranspiration 


Plants produce sugar by absorbing water from soils, carbon 
dioxide from the atmosphere through the stomata on the 
leaves, and energy from solar radiation. This process is called 
photosynthesis. To collect carbon dioxide and solar energy 
efficiently, plants expand their leaves as far as possible in 
the atmosphere, which inevitably brings about a huge water 
loss through the stomata to the atmosphere. Usually, stomata 
are open only in daytime for photosynthesis, and hence the 
transpiration occurs during daytime through water vapor dif- 
fusion from the stomatal cavity to the ambient air. However, 
when the humidity of the air is low and the wind blows, plants 
lose water even in the night. It is striking that almost all of 
the water extracted by the roots are removed by transpiration, 
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while less than a few percent of the water is used for metab- 
olism and growth. Water-use efficiency, defined as grams of 
water to produce 1 g of dry matter, is 450 to 950 for C3 plants 
such as rice and wheat, and 250 to 350 for C4 plants such 
as maize and sorghum. Readers are referred to the book by 
Kramer (15) for more on the mechanism of transpiration. 

Transpiration from plants and evaporation from bare 
soils are different in both magnitude and duration. In the 
case of agricultural fields, for example, the soil surface is not 
completely covered with vegetation, and the contribution of 
evaporation from soil surface in the ET changes with vegeta- 
tive growth. In early stages of annual crops, most of the soil 
surface is exposed to the atmosphere. When the expanded 
plant leaves shade the soil surface gradually, the ratio of 
rate of evaporation from soil surface to ET decreases with 
crop growth. After flowering, ET begins to decrease toward 
maturity and a part of the soil surface is again exposed by 
senescence of the leaves, again resulting in an increase in the 
relative contribution of soil evaporation in ET. 

Figure 8.10 shows an example of the rate of pan evapor- 
ation, bare soil evaporation, and ET from an upland rice field 
after a sufficient water supply in the dry season in the tropics 
(16). In the early stages higher values of transpiration than 
pan evaporation are due largely to advection because the rice 
field was isolated in the fallow period. Evaporation from the 
bare soil surface decreased monotonically with day, indicat- 
ing the advent of a falling-rate stage (see Chapter 2) starting 
on the first day. This fall in evaporation rate must be caused 
by the formation of a dry surface—soil zone due to the intense 
solar radiation. It is noted in Figure 8.10 that the change in 
ET value is similar to the change in pan evaporation and solar 
radiation during the first 6 days. The ET value must be de- 
termined by the evaporative demand during this period. The 
fall in ET value is very quick afterward, probably due to the 
exhaustion of soil water by plant roots. 

Instead of the water balance equation (Equation (8.3)), 
a number of micrometeorological approaches have been used 
to determine ET value using energy balance and aerodynamic 
equations (17,18). These approaches have been applied to ET 
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Figure 8.10 Evapotranspiration from an upland rice field after 
sufficient irrigation. (After Hasegawa, S. and Yoshida, S., Soil Sci. 
Plant Nutr. 28:191-204 (1982). With permission.) 


in relatively large areas by irrigation engineers and hydrol- 
ogists. The combination of the water balance concept, includ- 
ing water uptake by plant roots, as mentioned above, and 
micrometeorological approach will give more powerful predic- 
tions of ET. 


B. Soil Water Availability 


Transpiration is affected by soil properties such as soil water 
potential and hydraulic conductivity of the soil. The low soil 
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water potential (i.e., the low water content) and the low hy- 
draulic conductivity, both of which impede the conduction of 
sufficient water to plant roots, keep the stomata close, to avoid 
dehydration of the plant. As a result, the transpiration rate is 
reduced to a value lower than the potential evaporation. 

Empirically, it is well known that the rate of plant activ- 
ities such as transpiration and growth is a function of avail- 
able soil water depletion, and hence several efforts have been 
made to define the concept of soil water availability. One of the 
most famous and classical definitions is “equal availability of 
soil water from field capacity to wilting point.” This definition, 
in which soil water availability is considered constant, is still 
useful for irrigation engineering. 

It is, however, not appropriate to assume that the value 
of soil water availability is constant for the individual soil 
because transpiration depends on the evaporative strength 
of the atmosphere. Denmead and Shaw (19) investigated the 
transpiration rates of plants as a function of soil water content 
for various conditions of the atmosphere as shown by Figure 
8.11. It is evident that under clear and dry conditions, the 
transpiration rate decreased from 6.5 to 2 mm day * when the 
soil water content decreased from 0.34 to 0.28 cm? cm~?. On 
the other hand, under heavily overcast and humid conditions, 
the transpiration rate was small (1.3 mm day *) and constant 
when the water content was more than 0.23 cm? cm? but 
decreased to 0.2 mm day ! when the water content was less 
than the wilting point (0.22 cm? cm ~?). It is concluded from 
Figure 8.11 that available water for plants is not constant 
but depends on the atmospheric conditions or evaporative 
demand. 


V. SOIL WATER UPTAKE BY PLANT ROOTS 
A. Mechanism of Soil Water Uptake 
1. Driving Forces of Soil Water Uptake 


Water moves in response to gradients in water potential, as 
discussed in Chapter 2. Since plants absorb water from soils 
and transpire it from the leaves, it seems that water potential 
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Figure 8.11 Actual transpiration rate as a function of soil water 
content. WP, wilting point: —1.5 kJ kg‘ soil water content; FC, field 
capacity. (From Denmead, O. T. and Shaw, R. H., Agron. J. 54:385- 
390 (1962). With permission.) 


is lowest at the leaves and highest in the soil in the soil—plant— 
atmosphere system. This is confirmed by comparing the total 
water potentials in soils and plants. 

The total water potential in soils (¢,,;1) is composed of the 
matric potential (¢,) and the osmotic potential (ġo): 


Psoil = om + Po (8.4) 


where the values of ¢,, and ġo are negative because water 
is held by soil matrix and dissolves solutes. However, as the 
concentration of solutes in soils is generally low enough except 
in saline soils, the effect of o on the total water potential is 
usually neglected. Therefore, water in soils moves primarily 
in response to the gradient of the matric potential. When the 
soil is wet and the matric potential is relatively high, gravity 
contributes as a driving force of water and hence gravitational 
potential (¢,) must be added on the right-hand side of Equa- 
tion (8.4). 

The total water potential in plants (plant) is composed of 
Pm: Po, and pressure potential (¢,): 


Pplant = dm + Po + Pp (8.5) 
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The matric potential in plants is caused by the hydration of 
colloidal substances and surface tension at microspaces in cell 
walls. Osmotic potential in cells ranges from —0.5 kJ kg™* to 
minus several kilojoules per kilogram; this value is far differ- 
ent from that in soils. Pressure potential acts to expand cell 
walls as turgor pressure, and unlike other components, this 
potential is positive. Three components in Equation (8.5) are 
not independent but interdependent. When water flows into a 
cell, the osmotic potential increases by dilution of the solution 
and the pressure potential increases, resulting in more expan- 
sive pressure on the cell wall. Each water potential component 
is not equally important in water movement in plants. At 
the root surface where water enters roots from surround- 
ing soils, water movement occurs by the osmotic potential 
gradient. From the roots to the leaves, however, the pressure 
potential gradient is dominant. Instead of the pressure poten- 
tial, hydrostatic pressure is often used to express water move- 
ment in plants in terms of water movement in vascular 
vessels: as like flow in a cylindrical tube. In the case of deep- 
rooted plants or tall trees, water moves a long distance before 
evaporating from leaves. The difference in elevation from the 
roots to the leaves must be taken into consideration, and thus 
the gravitational potential (#,) is added to the right-hand side 
of Equation (8.5). 


2. Definition of Hydraulic Resistance 


Soil water movement obeys Darcy’s law, given by 
_ gô? 
dm = Az 
where qm is the soil water flux, K is the hydraulic conductivity, 
and A¢ is the soil water potential difference between two 


neighboring sites of Az. If we introduce R as Az/K, Equation 
(8.6) becomes 


zA 
Im =F 


(8.6) 


(8.7) 
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R in this equation is called the hydraulic resistance. This ex- 
pression came from an analogous equation for the flow of elec- 
tricity, called Ohm’s law, and has been used widely for water 
movement in the soil and plant systems. van den Honert (20) 
introduced this idea and proposed the simple expression 


gat _ o- A _ a 
Ry. R R+R, 


(8.8) 


where Q is the flow rate; ¢,, ¢,, and gı are water potentials 
in the soil, the root, and the leaf, respectively; and R, and Rp 
are hydraulic resistances in the soil and plant. Since van den 
Honert presented the idea, many studies have been carried 
out to evaluate sites and magnitudes of hydraulic resistance 
in soil—plant systems. Hydraulic resistance is now divided 
into segments as shown in Figure 8.12, and Equation (8.8) is 
modified to 


Q = Pars _ Drs — Px _ Px — Pre 
Rs R, Rx 
_ Pxe = Pix T Pix = Q 
7 Rstem = Rieat (8.9) 


Rs: Soil resistance 


R; Interfacial resistance 
R; Radial resistance 
Rx: Axial resistance 
Retem: Stem resistance 


Feat: Leaf resistance 


Figure 8.12 Hydraulic resistances in soil and plant. 
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in which ps, rs, bx, Pxc, ix, and qı are water potentials of 
bulk soil, soil at root surface, root xylem, root crown (where 
many roots converge into one), leaf xylem, and evaporation 
site of leaf, respectively. R, is the soil resistance (rhizosphere 
resistance), R, is the resistance between the root surface and 
xylem (radial or absorption resistance), Rx is the resistance 
through the root xylem (axial or conductance resistance), 
Rstem is the resistance through the stem, and Rieaf is the 
resistance between the leaf xylem and evaporating site, 
respectively. 

The dimensions of hydraulic resistance in Equation (8.9) 
depend on the dimensions of the flow rate. Table 8.1 summar- 
izes the hydraulic resistance dimensions of soil and root under 
different units of flow rate. In this table, the resistances r, and 
r’, act in the radial direction of a root, whereas the resistances 
R, and R’, act in both the radial and axial directions in a set of 
roots. 


3. Factors Affecting Hydraulic Resistances 


Equation (8.9) indicates that when a flow rate Q is given, the 
difference in water potentials between the two adjacent sites 
in the soil-plant—atmosphere system increases with hydraulic 
resistance. Beginning in the 1960s, intensive studies have 
been carried out to evaluate soil and plant resistances. 

The soil resistance is evaluated using Darcy’s law. When 
water uptake by individual roots is regarded as a radial flow 


Table 8.1 Dimensions of Hydraulic Resistance 


Resistance 
Flow rate* Root Soil Remarks 
q (m? day~+) Tr rs (days m+) Unit length of root 
q' =qLy (days ') rl. = rr/Ly r| (days m) Unit volume of soil 
Q=qLr (m? day’) R, R, (days m™® All roots 
Q'=qL; (m day) R! R! (days) All roots 


aq, Water uptake rate; q', water uptake per unit soil volume; Q, water uptake per 
plant; Q’, transpiration rate; L,, root density per unit volume of soil (m m~’); Lr, total 
root length (m); La, root density per unit ground surface (m m7”). 
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Figure 8.13 Water movement to a single root. 


as illustrated by Figure 8.13, water movement under steady- 
state conditions is expressed as 


q = 2rrK —— = 


(8.10) 
where q is the water uptake rate by unit length of root, r is the 
distance from a root stele, and K is the hydraulic conductivity 
of the soil. Integrating this equation, the difference between 
the matric potential of the bulk soil (¢,) and that at the root 
surface (¢,,) is given by 


b 


ds ors = 3 To laz (8.11) 


where a is the radius of the root and b is the half-distance 
between adjacent roots. The term b is often expressed as b = 
(mL, ¥7, where L, is the root length density (m m~°). As 
Equation (8.11) focuses on individual roots, this is called a 
single-root model. When water uptake from the unit volume 
of the soil q’ is used for the flow rate, Equation (8.9) becomes 


Os — Ors 


r; 


gq = qLy = (8.12) 
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where r} is the soil resistance in a unit volume of the soil. 
Substitution of Equation (8.11) into Equation (8.12) yields 


I Ps = Ors 1 b 
= = l 
s= giy mK, a 


(8.13) 


r 


This equation indicates that the soil resistance increases with 
a decrease in hydraulic conductivity and root length density. 
This idea was proposed in the early 1960s by Gardner in the 
form r, = (BKL) +, where B is a constant (21). It has been 
recognized that hydraulic conductivities of soils less than 
107 cm day~? seriously impede water movement from soils 
to roots (22—24). 

Newman evaluated the soil resistance (22) by assuming 
that the flow rate in Equation (8.9) is equal to the transpir- 
ation rate and by substituting it into Equation (8.11) such that 


Papl a 
R, = ZKL; lng (8.14) 


where La is the root length per unit ground surface. By quot- 
ing the values relating to the parameters in Equation (8.14) 
from the literature, he calculated the soil resistance R4 and 
compared it with the plant resistance presented by Cowan 
(25). Newman concluded that the plant resistance is higher 
than the soil resistance when the soil water content is suitable 
for plant growth, while the soil resistance is higher than the 
plant resistance when the soil matric potential decreases 
below —1.5 kJ kg™*. Lawlor (26) and Reicosky and Ritchie 
(24) supported Newman’s conclusion, which is now widely 
accepted as long as the single-root model is applied. 

In the flow path through the plant, roots have the highest 
hydraulic resistance (27,28) and radial root resistance is be- 
lieved to be greater than the axial resistance. Even though 
radial flow pathways from the epidermis to the xylem are not 
clearly understood (29,30), it is generally accepted that the 
major resistance to this flow is located at the casparian strip 
of the endodermis. Taylor and Klepper (31) pointed out that 
the axial resistance of cotton is negligibly small, whereas that 
of soybean is appreciable. The axial resistance of dicot plant 
roots that undergo secondary growth might be smaller than 
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that of monocot plant roots. It is safe to say that the axial 
resistance is generally small under normal growth conditions 
(32,33). 

The other hydraulic resistance that should be taken into 
account is the interfacial resistance between the soil and the 
root surface. Unlike roots in solution culture, roots in soils do 
not contact water completely. For example, the area of root 
surface contacting the soil water decreases with soil drying. 
Roots in large pores whose diameters are larger than the root 
diameters can contact only a portion of the pore walls. The 
concept of interfacial resistance is introduced based on these 
imperfect contacts between soil and roots. 

Cowan and Milthorpe (34) first introduced the idea that 
the surface area of a root contacting soil water is proportional 
to the degree of saturation. Herkelrath et al. (85) showed that 
the water uptake rate obtained by a single-root model over- 
estimated the rate measured by experiment, and they intro- 
duced the contact model into the single-root model to explain 
their results. There is, however, little direct evidence that 
imperfect contact impedes water movement (36). 

Both roots and soils shrink by drying. Huck et al. (37) 
observed that a cotton root grown in a rhizotron shrank to 
60% of its maximum diameter at midday on a fine day. Pas- 
sioura (33) pointed out that if the main resistance of radial 
flow through the root exists at endodermis, water potential in 
the cortex should be close to that in the soil and the root might 
not shrink under normal field conditions, where water uptake 
rates are usually lower than those obtained in laboratory 
experiments. 


B. Equation of Soil Water Uptake 


The equation of soil water movement in a root zone is given by 


oo Om 
at -2x (0 (2 1)| -s (8.15) 


where 0 is the volumetric water content; ¢ is the time; z is 
the depth; K is the hydraulic conductivity, which is a function 
of 0; Ym @dp/g) is the matric head of soil water; and s is 
the extraction by roots. Since the unsaturated hydraulic 
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conductivity K(@) generally decreases radically with decreased 
soil water content, the extraction term s becomes predominant 
with decreased soil water content in Equation (8.15) (38). 

Many researchers have proposed models of the extrac- 
tion term s as reviewed by Molz (30). For example, Molz and 
Remson (39) proposed an empirical model 


—1.6T 1.8T 
s= z4 


3 : (8.16) 


where T is the transpiration rate and v is the depth of the root 
zone. If the root zone is divided into four layers of equal length 
from the top, this equation indicates that water consumed by 
each layer becomes 40, 30, 20, and 10%, respectively, of the 
transpiration rate. Hillel et al. (40) used a potential model 


s = 2 xo (8.17) 


rl +Tra 


where ġ, is the water potential of the soil; xo is the water 
potential of the root crown; rya is the root resistance, which is 
the sum of the radial and axial resistances; and rj is the soil 
resistance equal to (BKL,) ‘ as given in the preceding section. 
In this model, however, the difference in flow resistances due 
to the portion of the root xylem was not taken into account. 

Feddes et al. (41) proposed another water uptake model 
in the form 


0 0=0=6, 
0—0. 
ss Smax 9,6, Oy =O= Og 
os Smax i 64 <0 s Oan (5:18) 
0 Oan =O £ bs 


where Smax 1s the maximum rate of water extraction by plant 
roots, Oy is the soil water content at the wilting point, 0a is the 
lowest value of 0 at which s = Smax, Îan is the highest value of 
0 at which s = Smax, and 6, is the saturation water content. 
This model takes account of the explicit effects of soil water 
content on water uptake. 

When a root zone is divided into many slices, as shown in 
Figure 8.14, the transpiration rate is expressed as the sum of 
the extraction rate, 
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Soil water content Soil matric head 
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Figure 8.14 Water balance in a root zone. 


T>% s (8.19) 


where n is the number of slices contributing to the water 
uptake. When the summation of Equation (8.19) exceeds the 
evaporative demand (denoted by Tmax) in the calculation, the 
summation is truncated up to the rth layer so as to satisfy 


Taes =y s Pan) (8.20) 
i=1 


The small value of r means that roots prefer to extract water 
from shallow soil layers. The larger the axial resistance 
through the root xylems, the smaller may be the value ofr (42). 


C. Distribution of Crop Roots 


Table 8.2 shows root and top growth values of rice under 
flooded conditions (43). The root length reached a maximum 
30 days after transplantation, although the root weight was 
still increasing at head development, at 65 days. The plant 
heights increased until ripening, at 92 days. The root—shoot 
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Table 8.2 Growth Behavior of Wetland Rice 


Days after transplanting 


30 42 65 92 
Plant height (cm) 64.1 80.8 102.1 104.8 
Shoot weight (g m~) 206.5 465.4 747.0 1079.3 
Root weight (g m~?) 72.2 78.5 82.0 81.9 
Root length (km m~?) 17.7 17.5 16.5 14.7 
Leaf area index 3.0 6.3 5.0 1.0 
Root shoot ratio 0.35 0.17 0.11 0.08 


Source: Hasegawa, S., Thangaraj, M., and O’Toole, J.C., Root behavior: field and 
laboratory studies for rice and nonrice crops, in Soil Physics and Rice, The Inter- 
national Rice Research Institute, Los Banos, Laguna, The Philippines, pp. 383-395 
(1985). With permission. 


ratio measured 30 days after transplantation was 35%, and it 
decreased to 8% at maturity. In other words, the development 
of the roots preceded growth of the top. 

Root length density is defined by either the root length per 
unit volume of a soil (L,: m m~°) or the root length per unit 
surface of a soil (La: m m 7). The former is used to determine 
the root length distribution with depth, and the latter is used to 
determine the amount of roots per unit ground surface or crack 
surface. Figure 8.15 shows root length distributions of three 
upland crops and wetland rice in the Philippines (43,44). The 
crops were sown or transplanted in the dry season and grown 
under a sufficient water supply. As roots grow not only verti- 
cally but also horizontally, roots were taken at zero, one fourth, 
and one half distance between rows by a core sample method at 
flowering times. Mean values of root length densities at these 
sites were used in Figure 8.15. The root length density of 
wetland rice was extremely high in the top 10 cm, and the 
root length density of sorghum was lowest throughout the 
layers. Huge amounts of the roots of rice are due to its tillering 
character, which is also applicable to wheat. The depth at 
which 90% of total root length is contained is 20 cm for wetland 
rice, 40 cm for wheat, 50 cm for sorghum, and 60 cm for maize. 

Root development is influenced by the water supply. 
Figure 8.16 shows root distributions of the same variety of 
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Figure 8.15 Root length density of wetland rice and three upland 
crops. (After Hasegawa, S., Thangaraj, M., and O’Toole, J.C., Root 
behavior: field and laboratory studies for rice and nonrice crops, in 
Soil Physics and Rice, The International Rice Research Institute, Los 
Banos, Laguna, The Philippines, pp. 383-395 (1985); Hasegawa, S., 
Parao, F. R., and Yoshida, S., Root Development and Water Uptake 
Under Field Condition, The International Rice Research Institute, 
Los Banos, Laguna, The Philippines (1979). With permission.) 


upland rice grown in wet and dry seasons. Irrigation by 
sprinkler at 5- to 7-day intervals was used on dry-season 
rice, whereas frequent rains were the only source of water 
for wet-season rice. Root length densities of the dry-season 
rice were higher than those of the wet-season rice except for 
the surface 5 cm. Frequent, limited water applications wet the 
soil to a shallow depth and stimulate the development of roots 
at this depth. Water management therefore alters the distri- 
bution of roots considerably (45). 
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Figure 8.16 Root length density of upland rice at different sea- 
sons. (After Hasegawa, S., Parao, F. R., and Yoshida, S., Root Devel- 
opment and Water Uptake Under Field Condition, The International 
Rice Research Institute, Los Banos, Laguna, The Philippines (1979). 
With permission.) 


Root growth is strongly influenced by the existence of 
macropores. Figure 8.17 shows an example of soybean roots 
grown in a loam soil and a clay soil. The loam soil was used for 
upland crop cultivation, whereas the clay soil had been used 
as a wetland rice culture and then converted to upland use. 
This conversion caused drying cracks to develop in the subsoil. 
Two soil blocks of 10 x 15 cm” surface area were taken from 
each soil. In the clay subsoil, roots were developed in the soil 
matrix and on the crack surfaces. Although the crack surface 
area in the soil blocks was different at individual depths, 
about half the roots were distributed on the crack surfaces in 
the subsoil in this case. But the total root length of the clay 
soil was almost the same as that of the loam soil. This figure 
demonstrates the importance of roots grown in cracks on 
water uptake. 
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Figure 8.17 Root length density of soybean grown in different 
soils. 


D. Water Uptake Rate and Water 
Extraction Pattern 


1. Water Uptake Rate 


The water uptake rate is obtained experimentally by dividing 
the amount of water absorbed by roots in a given volume of 
soil by the length of roots in it. Water uptake rates of individ- 
ual roots are not the same but differ depending on the age and 
distance from a root tip. Water is absorbed more in the mature 
zone than in differentiated and old zones. However, Kramer 
(15) has pointed out that the major percentage of the water 
and salt absorption by perennial plants probably occurs 
through old suberized roots. In most studies dealing with a 
root system, the water uptake rate is assumed to be the same 
regardless of age. Table 8.3 shows water uptake rates for some 
crops. Even though experimental conditions such as climate 
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Table 8.3 Water Uptake Rate of Some Crops 


Water uptake rate 


Crop (em? cm! day~+) Remarks References 
Cotton 0.4 x 10°? 46 
0.1—0.7 23 
2 Maximum 47 
Maize 3 Maximum 47 
0.3—24.3 48 
2 49 
Soybean 2.5—20 50 
0.1—0.4 51 
4.6 Maximum 52 
1.0 Maximum 53 
0.3—0.9 54 
Sorghum 0.3—0.4 54 


and soil differ, the water uptake rates are usually on the order 
of 0.01 cm? cm~! day™t or less. 


2. Water Extraction Pattern 


When a soil profile is thoroughly wet, plants extract most soil 
water from shallow, dense rooted layers. With the decrease of 
soil water content in the shallow layers, water retained in 
deeper layers begins to make a larger contribution to tran- 
spiration. Figure 8.18 shows the water depletion patterns of 
upland rice after sufficient irrigation on March 21. The deple- 
tion rate is equal to the change in water content per day and 
expressed as millimeters per day. The ET rate and root length 
density of this crop are shown in Figure 8.10 and Figure 8.16 
(left). Most of soil water was extracted from the surface 30 cm 
until 3 days after the irrigation (Figure 8.18, left). As the soil 
water in shallow layers decreased, the major root zone con- 
tributing water uptake was shifted to 30 to 50 cm (Figure 8.18, 
middle). Finally, most of the soil water in the upper layers had 
been consumed and the plant was unable to extract sufficient 
water to satisfy the evaporative demand because of sparse 
roots in deep layers even though the soil in the deepest layer 
contained enough water (Figure 8.18, right). 
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Figure 8.18 Water extraction patterns after the irrigation on 
March 21. Et, evapotranspiration rate, mm day +. (After Hasegawa, 
S. and Yoshida, S., Soil Sci. Plant Nutr. 28:191—204 (1982). With 
permission.) 


The reason the plant extracted water preferentially from 
shallow layers was attributed to the high root densities in these 
layers. However, the relative root density did not coincide 
with water depletion patterns, even though the transpiration 
rate was governed by the evaporative demand (Table 8.4). One 
reason for this water extraction pattern is that water uptake 
rates in shallow layers were lower due to the aged and suber- 
ized portion of roots. The other reason that might be taken into 
account is the existence of axial resistance. 


Table 8.4 Relative Water Consumption and Relative Root Density 
at Different Soil Depths 


Relative water consumption (%) : 
Relative root 


Depth (cm) March 22to28 March 28 to April4 length density (%) 


0-20 43 18 70 
20-40 27 34 15 
40-60 21 29 12 
60-80 10 19 3 


Source: Hasegawa, S. and Yoshida, S., Soil Sci. Plant Nutr. 28:191-204 (1982). With 
permission. 
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3. Prediction of Water Extraction Pattern 


Soil water content profiles are often predicted by solving 
Equation (8.15) with s of Equation (8.17). In practice, it is 
not easy to obtain soil and root resistances experimentally, 
and these resistances were often applied so as to fit the ex- 
perimental results. Belmans et al. (55) pointed out that the 
better fit between predicted and measured water extraction 
patterns for ryegrass was obtained by taking account of axial 
resistance, which was progressively greater in the deeper 
roots. Ishida and Nakano (53) suggested that the distribution 
of roots and the rate of ET affected the early stage of the water 
extraction pattern after watering, whereas axial resistance 
affected the water extraction pattern considerably throughout 
all extraction stages. Hillel and Talpaz (56) discussed the 
effects of root growth on the water extraction pattern, which 
was usually ignored in the calculation. They showed that the 
root extension, which enlarged rooting depth, influenced the 
extraction pattern more significantly than did root prolifer- 
ation, which increased root length within the rooting depth. 
Here we try to predict the water extraction pattern by 
use of Equations (8.18) to (8.20) as the extraction term. As 
described previously, this extraction term has two assump- 
tions. The first assumption is that the water uptake rate is 
expressed as a function of soil water content as shown in 
Equation (8.18). The second assumption is that the resistance 
of water flow in root xylem is appreciable, as shown in Equa- 
tions (8.19) and (8.20). A model introducing the two assump- 
tions mentioned was applied to predict successive soil water 
content profiles by an upland rice whose ET rate and root 
length density are shown in Figure 8.10 and Figure 8.16 
(left). In the calculation we neglected water movement driven 
by soil matric potential, which means that the water depletion 
rate is equal to the product of water uptake rate and root 
length density. Table 8.5 shows the calculated values of 
water uptake rates go and root length density in individual 
layers. This table suggests that the older surface roots have a 
lower uptake rate than the deeper young roots. Successive soil 
water content profiles by the model are shown in Figure 8.19. 
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Table 8.5 Root Density and Water Uptake at Field Capacity by the 
Model 


Root length Uptake rate qo 

Depth (cm) density Ly (cm cm~?) (cm? cm™t day™!) 
0-10 11.22 0.45 x 107°? 
10-20 5.22 0.52 

20-30 1.87 1.05 

30—40 1.62 2.42 

40-50 1.62 2.00 

50-60 1.21 0.93 

60-70 0.63 1.48 

70-80 0.23 2.87 


Source: Hasegawa, S., Soil Phys. Cond. Plant Growth Jpn. 44:14-22 (1981). With 
permission. 


The agreement of successive soil water contents between 
the measured and predicted values are good at 0 to 30 and 
70 to 80 cm, but the predicted values were overestimated at 


Soil water content (vol.) 
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| | | | | 
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Figure 8.19 Successive soil water content profiles by the model. 
Open and solid circles show values obtained from the model on 
March 28 and April 3. 
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50 to 70 cm. The calculated potential transpiration rate ceased 
on the fourth day, 2 days before the experiment. However, the 
total amount of water extracted by the model was 109.0 mm, 
which agreed fairly well with the experimental result of 
108.2 mm. 


E. Water Uptake by Roots in Cracks 
1. Estimation of Daily Water Uptake 


Most models of water uptake assume that soil is homogeneous 
and that roots create their own pores uniformly. However, 
plant roots grow preferentially along macropores such as dry- 
ing cracks and structural bed surfaces. To estimate water 
uptake by roots developed in drying cracks, Hasegawa and 
Sato (57) assumed that vertical cracks penetrating the subsoil 
divide a soil into rectangular prisms as shown in Figure 8.20. 
In this model, plant roots growing into cracks contact one 
or both sides of the crack walls, depending on the width 
of the cracks and the diameter of the roots. When roots are 
in contact with both sides of a crack, the amount of water 


D: Crack spacing Me | 


H: Depth of crack 


Figure 8.20 Crack model. (After Hasegawa, S. and Sato, T., Soil 
Sci. 143:381-386 (1987). With permission.) 
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extracted per day from one side of the crack wall, Q’, is 
given by 


Q = gh. > (8.21) 
where q is the water uptake rate by a unit length of root (em? 
cm! day~+), L, is the root length density defined by the 
length of roots per unit surface area in the cracks (em cm”), 
H is the crack depth, and D is the separation of adjacent 
cracks. If the width of a crack is greater than the root diam- 
eter, half the roots in a crack will contact one side of the crack 
wall, and the amount of water extracted from one side of the 
crack wall will also be given by Equation (8.21). Because one 
rectangular prism with upper surface area D? has four verti- 
cal crack walls, the daily water uptake Q (cm day~*) from a 
unit ground surface is given by 


Q = 4Q'D~ (8.22) 
Substitution of Equation (8.21) into Equation (8.22) yields 
Q = 2qL, HD (8.23) 


in which all the parameters except g are obtained from field 
surveys. 

This model was applied to a soybean field of heavy clay 
converted from a wetland rice field. The mean separation 
and depth of the drying cracks were 15 and 45 cm, respect- 
ively. Almost all of the soybean roots were not observed in the 
soil matrix but developed along crack walls. Figure 8.21 shows 
root length densities on each crack wall surveyed, whose 
values ranged from 0 to 2.74 cm cm 7. The mean value of 
the root density obtained from the six cracks was 0.92 cm 
cm 7. The water uptake rates q were assumed to be 0.01 or 
0.02 cm? cm? day +, depending on Refs. (50, 51, 54, 58). 

Substituting these values into Equation (8.23), the daily 
water uptake per unit ground surface was estimated to be 0.7 
and 1.3 mm day /, corresponding to 20 and 40% of the daily 
ET rates measured in the field. Since these amounts of water 
uptake by roots in cracks are at least one order higher than 
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Figure 8.21 Root length density in cracks. (After Hasegawa, S. 
and Sato, T., Soil Sci. 143:381—386 (1987). With permission.) 


the upward soil water flux from the subsoil to the surface soil, 
the decrease in subsoil water content is attributed exclusively 
to water uptake by roots in the cracks. 


2. Soil Water Content Profiles Toward Cracks 
with Roots 


Ritchie and Adams (59) recognized that water content in a soil 
matrix decreased toward a crack that was open to the atmos- 
phere. If plant roots spread along a crack wall, the water 
content in the soil matrix will be lower toward the crack 
wall, due to additional water uptake by the plant. 

Sato et al. (60) solved the equation of water movement in 
a soil matrix toward a crack wall and compared the solution 
with experimental data. Horizontal water movement in a soil 
matrix toward a vertical crack wall is expressed by the one- 
dimensional flow equation 


ao a oa 
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where 0 is the soil water content, x is the distance from the 
crack wall, and K is the unsaturated hydraulic conductivity, 
which is a function of the matric head Ym. Water extraction 
per unit crack wall area is given by 
L 
S =q (8.25) 
2 
based on the same idea applied to Equation (8.21). Soil water 
content distributions toward a crack wall were solved under 
the following initial and boundary conditions: 


C20. O<x<D/2, t=0 (8.26) 

ku es wy, SO (8.27) 
Ox 

OP 6. pedo. $30 (8.28) 

Ox 


where 6; is the initial soil water content and D is the separ- 
ation of adjacent cracks. Equation (8.28) means that soil water 
does not move at the middle of a soil block put between two 
adjacent cracks. The equation was solved under the condition 
that roots extract soil water during the day but not at night. 
Figure 8.22 shows two examples of soil water profiles 
solved by under conditions of 7-day water uptake, a D value 
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Figure 8.22 Calculated soil water content gradients toward a 
crack with roots after 7 days of extraction. Initial water content of 
(a) 0.52 and (b) 0.49. (After Sato, T., Hasegawa, S., Nakano, M., and 
Miyazaki, T., Soil Phys. Cond. Plant Growth 60:24—27 (1990). With 
permission.) 
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3 1 


of 15 cm, a value of q of 0.01 cm? cm™! day~', and a root 
density La of 1.0 cm cm *. The decrease in water content 
toward the crack wall was smaller in a soil whose initial 
water content was large (a) than in a soil whose initial water 
content was small (b). 

On the other hand, the measured water content profile 
did not necessarily indicate a decrease toward the crack wall 
as shown in Figure 8.23, where the crack was covered with 
soybean roots whose root density L, was 1.5 cm cm 7. The 
nonuniformity of the soil matrix around the soybean roots 
may be the reasons for the scattering of the measured soil 
water profile. 


VI. EFFECTS OF VEGETATION ON SOIL 
WATER REGIME 


Typical differences in vegetation in fields are observed, for 
example, among forest, pasture, and wheat fields. One of the 
simplest ways to grasp the effects of these differences on a soil 
water regime is to measure soil water profiles simultaneously 
and continuously at locations where the environmental con- 
ditions are similar except for vegetation. The heat probe and 
TDR (time-domain reflectometer) methods are favorable for 
continuous monitoring of soil water content in fields. 
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Figure 8.23 Soil water contents toward a crack with roots in the 
field. (After Sato, T., Hasegawa, S., Nakano, M., and Miyazaki, T., 
Soil Phys. Cond. Plant Growth 60:24—27 (1990). With permission.) 
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Kasubuchi (61) measured the thermal conductivities of 
two different soils of various water contents and expressed 
them as functions of volumetric water content as shown in 
Figure 8.24, where all the thermal conductivities increased 
with water content. The thermal conductivities of soils were 
measured precisely in a few minutes using the twin transient- 
state cylindrical-probe method (twin heat probe method) 
(62). The thermal conductivity of silty clay loam was higher 
than that of volcanic ash soil because the solid content of 
the former (0.521 cm? cm?) was larger than that of the latter 
(0.201 cm? cm~). The values of thermal conductivities de- 
pended somewhat on temperature, which in practice may be 
neglected in field measurements. 

Kasubuchi (63) applied this heat probe method to mon- 
itoring temperature and soil moisture in an area, shown in 
Figure 8.25, where forest, pasture, and wheat fields were 
situated in order from south to north. This area was located 
at 43° north latitude and 141° east longitude within 1 km, and 
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Figure 8.24 Thermal conductivities of silty clay loam (upper three 
curves) and volcanic ash soil (lower three curves) versus volumetric 
water content and their dependence on temperature. (After Kasu- 
buchi, T., Bull. Natl. Inst. Agric. Sci. Ser. B 33:1-54 (1982). With 
permission.) 
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Figure 8.25 Forest, pasture, and wheat field situated in the same 
area and monitoring sites. 


the soil profiles were similar to each other in this area. The 
annual precipitation was about 1200 mm and the annual 
average temperature was 8.0°C. Snow covered the land sur- 
face from December to the beginning of April, with a total 
precipitation of 400 mm. Heat probes were embedded horizon- 
tally in these three fields at depths of 10, 25, 50, and 75 cm 
and the temperatures and thermal conductivities were mon- 
itored continuously and automatically from April to June. 
Heat probes are shown in Figure 8.26. The thermal conduct- 
ivities were converted to volumetric water content using cali- 
bration curves for each soil. 

Figure 8.27 shows the changes in water content in these 
fields over a 3-month period. Water content in the forest 
was almost always lower than it was in the other two fields 
at every depth, due partly to the low groundwater level and 
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Figure 8.26 Heat probe. 


partly to the relatively even absorption of soil water at every 
depth by well-developed roots in woods and plants in forest. 
A remarkable decrease in water content during the 3-month 
period was observed at depths of 10 and 25 cm in the wheat 
field. This feature was logically attributed to the rapid growth 
of wheat during this season accompanied by a rapid increase 
in water uptake by wheat roots. On the other hand, the water 
content at depths of 50 and 75 cm in the wheat field was high 
and constant during this period, due presumably to the high 
groundwater level in the wheat field. Although the water 
content in the pasture fluctuated at every depth following 
changes in atmospheric conditions, the decrease in soil water 
was rather small at all depths. This feature indicates that 
even if the soil water content decreased by water uptake by 
grass, the deficiency was compensated quickly by upward 
water flux from the subsoil. 

Figure 8.28 shows changes of soil temperature in forest, 
pasture, and wheat field. Since snow remained longer in the 
forest than in the other two fields in early April, the surface 
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Figure 8.27 Changes in soil water content with different vegeta- 
tion. 
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Figure 8.28 Changes in soil temperature with different vegetation. 


temperature of the forest was very low during this period. 
The soil temperature in the pasture increased more than in 
the other two fields during this 3-month period. This feature 
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indicates that the soil surface in the pasture has absorbed 
more solar energy than have the other two fields. Continuous 
monitoring of water content and temperature will thus con- 
tribute to provide information concerning hydrological events 
in fields. 
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I. HETEROGENEITY 


Uniformity and heterogeneity of soil properties in a field are 
defined in terms of the spatial variabilities of bulk density, 
water content, matric potential, soil temperature, soil hard- 
ness, solute content, soil particle composition, etc. Since al- 
most all of these soil properties are defined and measured 
with respect to an element volume, the definition of uniform- 
ity and heterogeneity of soils depends on the element size or 
measurement size. 

Generally speaking, the larger the element sizes in a 
field, the more the heterogeneity is averaged within each 
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element volume, resulting in more homogeneous properties 
over the field. On the other hand, the smaller the element 
sizes in the same field, the larger may be the differences 
between elements, resulting in more heterogeneous proper- 
ties over the field. 

When the scale of element is smaller than solid particles, 
as denoted by size 1 in Figure 9.1, where solid particles are 
denoted by hatched areas, the property of an element is de- 
termined by its location. In other words, this soil is never 
homogeneous when it is measured by an element smaller 
than solid particles. Even when the scale of element is a little 
larger than the smallest solid particles in a given soil, as 
denoted by size 2 in Figure 9.1, the soil is still heterogeneous 
because the fraction of each phase and the arrangement of 
solid particles in every element may be different from each 
other, resulting in different physical properties of each ele- 
ment. When the scale of element is so large that soil proper- 
ties are averaged within each element, as denoted by size 3 in 


Figure 9.1 Dependence of soil heterogeneity on element sizes. 
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Figure 9.1, the soil properties of every element may be closed 
to each other, resulting in more homogeneous soil in the 
field. 

The required sample size for defining the heterogeneity 
of soil in a field is generally termed the representative ele- 
mentary volume (REV) or representative elementary area 
(REA). The difference between REV and REA is only the 
dimension involved, and hence no distinction between them 
is made in this book. Once the size of the REV (or REA) is 
defined in a given field, the average value of a measurement 
in each REV (or REA) is regarded as an independent sample of 
the field and the property of the field is determined by the set 
of these samples. 


Il. REPRESENTATIVE ELEMENTARY VOLUME 
A. Criteria for REV 


The size of the REV is generally determined by the following 
three criteria: 


1. The REV must produce a small standard deviation 
among samples. 

2. The REV must be representative of the spatial struc- 
ture. 

3. The REV must provide an operationally convenient 
method of measurement. 


The first criterion requires as large an REV value as possible 
because the larger the REV, the smaller the difference in 
value among REVs, resulting in smaller standard deviations 
among samples. The second criterion, regarding spatial struc- 
ture, explained later in this chapter, undoubtedly has to do 
with the size of the REV. This criterion requires a small REV 
value such that the local properties of soil in a given field 
are represented by the REV. The third criterion is rather 
technical but is significant in practice because an operation- 
ally cumbersome method results in erroneous data. This cri- 
terion requires a moderate REV value for the convenience of 
the person doing the measurement. 


Heterogeneity of Soils in Fields 355 


B. REV for Microstructural Heterogeneity 


Cogels (1) investigated the representativity of a 1-cm?® soil 
sample for evaluation of the heterogeneity of a well-structured 
Yolo loam field 40 by 40 m. He fixed a regular grid of 81 
sampling locations for the first sampling and a complemen- 
tary 13 locations for the second sampling in the test field as 
shown in Figure 9.2, where the locations of the first sampling 
are denoted by open circles and those of the second by solid 
circles. At each knot of the grid he extracted one undisturbed 
soil sample from within the top 5-cm layer. 

The pore-size distributions of the two samples were 
measured using the mercury intrusion method. Cogels (1) 
classified the regularly extracted 81 samples into six sets, 
each made up of 12 to 20 samples, and calculated the average 
pore-size distribution curves independently for the six sets. 
The dashed lines in Figure 9.3 are the enveloping pore-size 
distribution curves of the six sets, and the solid curve is the 
approximate average distribution curve of the pore-size dis- 
tribution. It is notable that the width of the two enveloping 
curves is very small. This means that even though the field 
was well structured, the microstructure of the soil was rather 
similar at each location. 


8 


Figure 9.2 Regular grid of 81 sampling locations in a test field. 
(After Cogels, O. G., Agric. Water Manage. 6:203—211 (1983). With 
permission.) 


8664-8 


356 Water Flow in Soils 


Frequency 
2 2 2 
P [0>] œ 


9 
io 


0.0001 0.001 0.01 0.1 
Pore size (mm) 
Figure 9.3  Pore-size distribution curves of six different extrac- 
tions. (From Cogels, O. G., Agric. Water Manage. 6:203—211 (1983). 
With permission.) 


The sensitivity of this measurement to difference in 
microstructures of the soil was examined by comparing the 
average pore-size distribution curve computed form all 94 
undisturbed samples with that computed from 10 disturbed 
samples, as shown in Figure 9.4. The average pore-size distri- 
bution curve of the undisturbed samples has a large variance, 


1.0 Disturbed 


0.8 


Frequency 
fo) 
o 


2 
P 


Undisturbed 


o 
io 


0.0001 0.001 0.01 0.1 
Pore size (mm) 
Figure 9.4 Average pore-size distribution curves of 94 undis- 
turbed samples and 10 disturbed samples. (After Cogels, O. G., 
Agric. Water Manage. 6:203-211 (1983). With permission.) 
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whereas the curve of the disturbed samples has a sharp peak 
and a small variance. The fact that a reasonable difference 
appeared between these two curves supports the applicability 
of the mercury intrusion method for identification of soil 
microstructure. 

Cogels (1) concluded from these results that the 1-cm® 
soil samples can be regarded as an REV for the estimation of 
soil microstructure in a field. Although such heterogeneities 
as macropores, cracks, and gravels in fields are not evaluated 
by this method and therefore the second criterion mentioned 
above is not satisfied in heterogeneous fields, this method is 
useful for evaluating the microstructures of relatively homo- 
geneous soils in fields. 


C. REV for Physical Properties of Soils in Fields 


Tokunaga and Sato (2) and Sato and Tokunaga (3) investi- 
gated the use of REV for estimating bulk density and water 
content in an upland field. Instead of changing the sample 
size, they divided an area of 60 cm by 60 cm into 400 small test 
areas of equal size and extracted soil samples from all the 
small test areas. After measuring the bulk density and 
water content of each sample, they defined the variable test 
areas as designated by different-sized squares in Figure 9.5, 
which include different numbers of small test areas. Once the 
size of the variable test area was determined, each variable 
test area, within which bulk densities and water contents of 
soil samples were averaged, was designed so as to cover all the 
test fields by shifting the locations one by one. 

After averaging the bulk densities and water contents of 
the variable test area, the coefficient of variation CV (%), 
defined by 

CV = wy x 100 (9.1) 

(m) 
was calculated, where (m) is the average value and SD is the 
standard deviation of the values of the variable test area. 
Figure 9.6 shows the values of CV of bulk densities and 
water contents as functions of the sizes of the variable test 
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Figure 9.5 Design of variable test area that contains different 
numbers of samples arranged regularly. (From Sato, T. and Toku- 
naga, K., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 63:1—7 (1976). 
With permission.) 


area. Clearly, the coefficient of variation decreases with in- 
crease in the variable test area. Depending on Figure 9.6, the 
variable test area in a field is required to cover at least 
1600 cm? to obtain a coefficient of variation of less than 1%. 
However, taking account of the operational convenience, as 
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Figure 9.6 Coefficient of variation of bulk densities and water 
contents as functions of the test area. (After Sato, T. and Tokunaga, 
K., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 63:1—7 (1976). With 
permission. ) 
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given by criterion 3, Sato and Tokunaga (3) recommended use 
of a cylindrical sampler that covers an area of 20 cm” and 
whose volume is 100 cm?. 

Rice and Bowman (4) investigated the difference between 
a small sampler and a large sampler, as illustrated in Figure 
9.7 for the estimation of solute transport in a field of sandy 
loam. The smaller cylindrical sampler had a diameter of 2.2 
cm; that of the larger sampler was 10.3 cm. They concluded 
experimentally that the sample-size effects were far less than 
the spatial structural effects in estimating Br’ concentration 
in the test field and, taking account of the operational con- 
venience given by criterion 3, that the diameter of 2.2 cm was 
satisfactory for use with REV. 


D. REV for Hydraulic Permeability of Soil 
with Macropores 


Lauren et al. (5) investigated the REV for the prediction of 
saturated hydraulic conductivities of silty clay loam in a field 
by suing in situ columns. The soil had a structure that is 
moderate to strong, subangular blocky, with medium prisms, 


Figure 9.7 Small and large soil samplers used by Rice, R. C. and 
Bowman, R. S., Soil Sci. 146(2):108-112 (1988). With permission. 
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Figure 9.8 Five types of in situ field columns used by Lauren, 
J. G., Wagnent, R. J., Bouma, J., and Wosten, J. H. M., Soil Sci. 
145(1):20—28 (1988). With permission. 


firm, and very plastic. They used five types of in situ columns 
of different sizes, as shown in Figure 9.8. The dimensions of 
these columns are given in Table 9.1, where A is the largest 
sample and E is the smallest sample. The saturated hydraulic 
conductivities were measured by ponding water in each col- 
umn without disturbing the field soil at 37 equally spaced 
measurement locations. The size of the REV was determined 
as follows. 

Table 9.2 lists the statistical parameters of saturated 
hydraulic conductivity K,,, measured by using different- 
sized columns as shown in Figure 9.8. The standard devi- 
ations of sizes B and C were relatively small, which means 
that saturated hydraulic conductivities of this heterogeneous 
soil were averaged in columns B and C. The standard devi- 


Table 9.1 Dimensions and Volumes of In Situ Columns 


Column Dimensions (cm) Volume (cm®) 
A 160 x 75 x 20 240,000 
B 120 x 75 x 20 120,000 
C 50 x 50 x 20 50,000 
D 20 (diam.) x 20 6,283 
E 7 (diam.) x 6 884 


Source: Lauren, J. G., Wagnent, R. J., Bouma, J., and Wosten, J. H. M., Soil Sci. 
145(1):20—28 (1988). With permission. 


Heterogeneity of Soils in Fields 361 


Table 9.2 Statistical Parameters for K,,, Measured by Different- 
Sized In Situ Columns 


—1 
gady Standard Coefficient of Number of 
Size Mean Mode Median deviation variation (%) samples 
A 21.3 10.3 16.6 16.9 79 37 
B 13.7 6.4 10.7 11.0 81 36 
C 14.4 6.3 10.9 12.5 96 37 
D 36.6 6.3 20.3 54.9 150 37 
E 34.5 4.8 16.3 64.0 186 35 


Source: Lauren, J. G., Wagnent, R. J., Bouma, J., and Wosten, J. H. M., Soil Sci. 
145(1):20-28 (1988). With permission. 


ation of the largest column (A) was a little higher, due to the 
operational problems in measurements. The standard devi- 
ations of sizes D and E were so large, probably due to the 
large size heterogeneity of soils in the columns, that these 
REV values were not acceptable. By using the additional 
criteria 2 and 3 mentioned above, they concluded that column 
size C, whose size is 50 cm by 50 cm in width and 20 cm in 
depth, was the optimal REV for measuring saturated hy- 
draulic conductivity in situ. 


E. Other REVs 


There are many other examples presenting the adaptable 
REV for each purpose specified, but the general theory for 
giving the REV in fields is not established yet. The tentatively 
acceptable empirical REV values are given in Table 9.3, where 
the sizes are designated by representative REV length (m). 
Since water balance in fields with cracks is dominated 
mainly by the hydraulic properties of crack networks rather 
than by the hydraulic properties of the soil matrix, the size of 
the REV depends on the degree of cracks and their density. 
According to the field study conducted by Inoue et al. (6), the 
hydraulic property of the field with highly developed cracks 
was strongly affected by the sizes of test blocks when they 
were smaller than 5 m in length. Adopting the three criteria 
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Table9.3 Empirical REV Designated by Representative Length (m) 


REV size Subject References 
Large REV > 1000 (m) Hydrological modeling of a 7 
river basin 
REV > 5 (m) Water balance in field 6 
with cracks 
REV > 0.5 (m) Saturated hydraulic 5 


conductivity of soil 
with macropores 


REV > 0.05 (m) Bulk density, water content, 2-4 
and solute concentration 
Small REV > 0.01 (m) Microstructures 1 


given above, REVs larger than 5 m may be operationally 
cumbersome. The empirical size of an REV for the evaluation 
of water balance with cracks is therefore estimated to be 5 m 
in Table 9.3. 

Larger sizes are required as the REA for hydrologic mod- 
eling in river catchments, because areal fluctuations of rain- 
fall, runoff, infiltration, and evaporation must be averaged 
within each REA in order to estimate water balance and 
river runoff as accurately as possible. Wood et al. (7) investi- 
gated the size of the REA in the Coweeta River experimental 
basin (an area of 17 km”) by dividing the basin into several 
subcatchments. In their preliminary investigation, they sug- 
gested that 1 km? is a promising REA for the basin. 


IHI. SIMILAR-MEDIA CONCEPT AND SCALING 
A. Characteristic Length and Scaling 


One of the smallest REVs is the one proposed by Miller and 
Miller (8), who illustrated two similar media in a state similar 
to that shown in Figure 9.9(a) and (b), where the two charac- 
teristic lengths, àa and Ap, connect corresponding points in 
the two similar media. On the other hand, a medium com- 
posed of the same solid particles as in medium (a) but different 
in arrangement, as illustrated in Figure 9.9(c), is no longer 
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Figure 9.9 Similar and nonsimilar media. 


similar to media (a) and (b). In such a sense, as noted by Miller 
and Miller, the probability of the occurrence of detailed simi- 
larity throughout the microscopic shapes of two media is prac- 
tically zero. 

The similar-media concept has provided a significant op- 
portunity to determine the physical properties of different 
soils theoretically and systematically, while the discrepancy 
between the similarity of conceptual porous media and the 
nonsimilarity of actual soils has limited the applicability of 
this concept. 

The term scaling or scaling theory is used when the 
character of one porous medium is related to that of a similar 
porous medium by means of the parameters A, and A, or by 
their ratio, A,/Ay. The relation of retentivities of water, hy- 
draulic conductivities, and other physical properties between 
similar porous bodies can be deduced through the scaling 
procedures as described below. 


B. Similarity of Pressure and Matric 
Head of Water 


When volumetric water contents are equal in two similar 
porous media, the shapes of water held in them will also be 
similar. Figure 9.10(a) and (b) illustrates the relation between 
characteristic lengths, denoted by Àa and Ay, and the shapes 
of suspended water held at the contacts of the two soil par- 
ticles. The shapes and pressures of the suspended water are 
characterized by using the radii of surface curvatures of a 
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Suspended water 


Similar particles 


Figure 9.10 Similar water suspended at contacts of similar media. 


liquid meniscus rj, and rg, in medium (a) and ry, and rey in 
medium (b). 

It is clear that these radii of surface curvatures are re- 
lated geometrically to each other by 


lla = AP Ip (9.2) 
2a = AP op 
where a is the geometrical similarity ratio, defined by 
Aa 
se 9.3 
a v (9.3) 


This relation is used to express the pressure and matric head 
of water retained in similar media. 

When suspended water held as illustrated by Figure 
9.10(a) is in equilibrium, the difference between the pressure 
in the liquid phase p (N m~”) and the pressure in the gas 
phase po (N m™® is given by the classical equation 

Apa = om ( l j l ) cos 6 (9.4) 

F2a 


Fla 
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where Ap, = po — p, ô is the contact angle of water with the 
solid surface, and oy is the surface tension of water (N m~’). 
The algebraic average of the curvatures of the two curves of a 
liquid meniscus is given by 


1 1/1 1 
Ga 2 (— =) (9.5) 


where 1/(r,) is the average curvature. Using Equation (9.5), 
Equation (9.4) is simplified into 


20w 
(ra) 


In the same manner, the averaged curvature of meniscus 
illustrated by Figure 9.10(b) is given by 


1 1/1 1 
(rp) ~ 2 (= 3 =) wale 


Taking account of the relation given by Equation (9.2), (ra) is 
easily related to (rp) as 


Apa = cos 6 (9.6) 


1 1 
eee e (9.8) 
(Ta)  a(rb) 
Hence, 
1 
Apa = z AP (9.9) 


is obtained where Ap, is the pressure differences in both sides 
of meniscus in medium (b). Equation (9.9) is the similarity of 
pressure of water suspended in a similar medium. 
Assuming that the matric head of water in these media is 
determined solely by the capillary pressure, we also obtain 
1 
Wa = = ph (9.10) 
Q 
or, alternatively, 
Abp = Aata (9.11) 
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where Ya and yr are the matric head (m) of water in media (a) 
and (b), respectively, in Figure 9.10. 


C. Similarity of Hydraulic Conductivity 


As for saturated hydraulic conductivity K, (m s~*), Miller and 
Miller (8) stated that K, must vary directly with \7, due to 
a mathematical requirement in the linearized Navier-Stokes 
equation at the microscopic scale. Poiseuille’s law provides 
another way and the same result in finding the similarity 
of Kg. 

The quantity of saturated laminar flow in a narrow pipe 
(Figure 9.11) is given by Poiseuille’s law, 


gan E (9.12) 


where Q is the flow rate (m? s7», r is the radius of the pipe 
(m), u is the coefficient of viscosity (Pa s), and Ap/Ax is the 
pressure gradient along the x-axis (Pa m~t). When Darcy’s 
law is applicable to the flow in this pipe, the flux of water q 


(m? m™? s 1) is given by 
K, Ap 
= ai (9.13) 
s Pwg Ax 
y 
: 
(0) > X 


Figure 9.11 Velocity distribution of saturated laminar flow in a 
narrow pipe. 
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where K, is the saturated hydraulic conductivity of the 
pipe (m s_’), pw is the density of water (kg m™°), and g is 
the gravity constant (m s ”). Taking account of the relation 
that q = Q/mr*), K, is defined as 


2 
= a (9.14) 


which indicates that K, is proportional to r°. Extending this 
definition of K, into similar bundles of pipes saturated with 
water as given in Figure 9.12, we obtain the similarity of Ks 
between bundles (a) and (b) as 


Koa = Kov (9.15) 
or, alternatively, 
K Ksa 
= 9.16 


where K.a and K.p are the saturated hydraulic conductivities 
of each bundle and a is their similarity ratio. 


Ab 


Figure 9.12 Extension of similar-media concept to bundles of 
pipes saturated with water. 
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The extension of the similarity relations (9.15) and (9.16) 
of bundles of pipes to saturated similar porous media is 
conducted with the help of models of saturated hydraulic 
conductivities of soils. One of the best-known models, pro- 
posed by Childs and Collis-George (9), is given by 


Kea | f r2F(r) dr F(r) dr (9.17) 
8u Jo Jo 


in which r is the radius of soil pores. F(r) is the pore-size 
distribution function, defined by 


H= f d (9.18) 
0 


where n is the porosity of the soil and Fmax is the maximum 
radius of the pore in the soil. Equation (9.17) implies that the 
saturated hydraulic conductivity of soil is proportional to 7°. 

Another model, presented by Campbell (10) after Schei- 
degger (11), is given by 


_ pwgnr? 
: uE 


where r is the average radius of soil pores and é is the tortu- 
osity (dimensionless). Equation (9.19), as well as Equation 
(9.17), implies that the saturated hydraulic conductivity of 
the soil is proportional to 7°. Hence, it is reasonable to accept 
the extension of Equations (9.15) and (9.16) to the saturated 
similar soils. 

Further extension of similarity relations (9.15) and (9.16) 
to unsaturated similar soil as shown in Figure 9.10(a) and (b) 
was given experimentally by Klute and Wilkinson (12) and 
theoretically by Campbell (10). They verified the relation 


Kalba) = a? Ky (yp) (9.20) 


or, alternatively, 


Kol) Kala) 
¥ = 2 (9.21) 


(9.19) 
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for unsaturated similar soils, where K,(W,) and K,(W) are 
unsaturated conductivities of media (a) and (b) in Figure 
9.10 as functions of matric heads y, and yp, respectively. 
Note that Wa and y» are the matric heads of the same value 
of volumetric water content in similar porous bodies, and 
therefore their values are different. Inevitably, the values of 
K,() and K,() at a given matric head y are not equal. 


D. Verification and Limitation of Similar-Media 
Concept 


Klute and Wilkinson (12) and Wilkinson and Klute (13) veri- 
fied experimentally that scaling theory was applicable to the 
five sand fractions, which had similar particle-size frequency 
curves but had different average particle sizes. They used the 
arithmetic means of the upper and lower sieve sizes as the 
characteristic microscopic lengths A. By substituting individ- 
ual values of A into Equations (9.20) and (9.21), they reduced 
the moisture characteristic curves and unsaturated hydraulic 
conductivities of these five sand fractions. Figure 9.13 illus- 
trates the conceptual particle-size distribution curves of frac- 
tions a and b having similar curves but different average 
sizes. By using the procedure of Klute and Wilkinson (12) 
mentioned above, the characteristic lengths are given by 


Frequency 


Pa fib 2a bob 
Particle size 


Figure 9.13 Hypothetical particle-size distribution curves of frac- 
tions a and b having similar curves but different average sizes. 
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Na = Pla a P2a (9.22) 


pe lmt Pep (9.23) 


where A, and Ay are the characteristic lengths of fractions a 
and b, respectively, ġia and 2a are the minimum and max- 
imum particle sizes of fraction “a” and ıp and dg, are those 
of fraction “b.” Assuming that fractions a and b are similar 
media, scaling theory predicts that the original soil moisture 
characteristic curves (left-hand side Figure 9.14) are reduced 
to one curve (right-hand side of Figure 9.14), and the original 
unsaturated hydraulic conductivities (left-hand side of Figure 
9.15) are reduced to one curve (right-hand side of Figure 9.15), 
respectively. When the hydraulic conductivity of additional 
similar fraction “c” is obtained, the function will be reduced 
to one curve by the scaling procedure. 

In general, the agreements of the reduced moisture char- 
acteristic curves and reduced unsaturated hydraulic conduct- 
ivities were good in the experiment by Klute and Wilkinson 
(12). However, disagreement of reduced moisture characteris- 
tic curves between experiment and theory was apparent in 
their data, particularly when the volumetric water content 
was greater than 0.30 cm? cm ®. 

Elrick et al. (14) also investigated experimentally the 
applicability of the scaling theory to soil by using different 
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Figure 9.14 Original soil moisture characteristic curves and the 
reduced soil moisture characteristic curve by scaling. 
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Figure 9.15 Original hydraulic conductivity curves and the 
reduced hydraulic conductivity curve by scaling. 


liquids (water and butyl alcohol) in the same medium and by 
using one liquid (water) in different (but similar) media. An 
alundum mixture (probably classified as loam), clay-free silt 
loam, and clay-included silt loam were chosen as the similar 
media. After analyzing the data of hysteresis loops for liquid 
characteristic curves and unsaturated hydraulic conductivity 
curves of the same medium, and analyzing wetting front ad- 
vancement during infiltration and the change in drainage 
rate with time in the different media, they concluded that 
scaling theory worked well when the medium was clean 
sand, but much less well when the amount of colloid increased 
in the media. 

Taking account of all the experiments exemplified above 
and the many other experimental works, it is likely that as 
remarked appropriately by Tillotson and Nielsen (15), appli- 
cation of scaling theory is restricted to use in sand or sandy 
soils. 


E. Scaling of Natural Soils 


Many efforts have been made in the 1970s to apply the simi- 
lar-media concept further to a variety of natural soils (e.g., 
Reichardt et al. (16,17), Peck et al. (18) Warrick et al. (19), 
Warrick and Amoozegar-Fard (20), Sharma and Luxmoore 
(21), Simmons et al. (22), Russo and Bresler (23), etc.). Recent 
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contributions on this topic were edited by Hillel and Elrick 
(24). 

Reichardt et al. (16) first applied the scaling theory to 
nonsimilar soils that have absolutely different particle-size 
frequency curves. They found that even though the similar- 
media concept is poorly applicable to soil moisture character- 
istics and unsaturated hydraulic conductivities of natural 
field soils, the theory was promising for the scaling of soil 
water diffusivities and infiltration data such as wetting-front 
distances. 

Peck et al. (18) applied the scaling theory to water budget 
modeling. They introduced a reference value of characteristic 
length A* and represented the physical properties of their 
watershed by the variable characteristic length A, which was 
the function of location in the watershed. 

Many other investigations on the applicability of the 
similar-media concept and associating scaling theory to nat- 
ural soils have been directed to adopting the characteristic 
length A as the REV (REA or representative element length 
[REL] may be preferable in some cases) for their particular 
purposes. Unfortunately, the restriction of scaling theory and 
difficulties in finding appropriate values of A are providing 
limiting success up to now. 


IV. NONSIMILAR MEDIA CONCEPT 
AND SCALING 


A. Characteristic Lengths and Shape Factor 


Since the assumption of similarity for all natural soils is, as 
exemplified in Figure 9.9, too restrictive to proceed with the 
scaling technique, Miyazaki (25) proposed a nonsimilar con- 
cept (NSMC) model. 

The NSMC model consists of a characteristic length S 
for the solid phase and a characteristic length d for the pore 
space, with which an element of a given soil is given by (S + 
d). These characteristic lengths are, however, not directly 
measurable but are defined as representative lengths for 
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both phases. By using S and d, the volume V and the mass M 
of a given soil are defined by 


V=NS +d? (9.24) 
M = N7,8° (9.25) 


where ps is the soil particle density and N is the number of 
elements included in the given soil. The parameter 7 is the 
shape factor of the solid phase and is defined as the ratio of 
the substantial volume of the solid phase to the volume S°. 
The shape factor 7 is unity when the shapes of soil par- 
ticles are all cubes as shown in Figure 9.16(a), while it is equal 
to 7/6 when their shapes are all spheres as shown in Figure 


(a) 
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Figure 9.16 The shape factor of hypothetical porous media made 
of (a) cubes, (b) spheres, and (c) irregular particles. 
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9.16(b). Since natural soil particles are all different as shown 
in Figure 9.16(c), the substantial volume of the solid phase in 
an element is generally given by 7S? and 7 is equal to or less 
than one. 


B. Deduced Bulk Density 


Once the values of S, d, and 7 are determined for a soil, its 
bulk density pp is defined by 


M Soe 


C. NSMC Model for Aggregated Soils 


Figure 9.17 shows the application of the NSMC model for 
an aggregated soil. The characteristic lengths of particles and 
pores within an aggregate are S; and d4, while those of aggre- 


Figure 9.17 Characteristic lengths of solid particles Sı and pores 
dı, and those of aggregates S and pores among aggregates də. The 
shape factors 7; and Tə are associated with Sı and Sə. (After Miya- 
zaki, T., Soil Sci. 161:484—490 (1996). With permission.) 
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gates and pores among aggregates are S> and də. The shape 
factors for soil particles and aggregates are 7, and 72, respect- 
ively. 

Based on the general definition given above, the bulk 
density of one aggregate pag is defined as 


S \? 
Pag = T1Ps Sa: (9.27) 
and the bulk density of this soil is 
S 3 
Pb = T2Pag (sss) (9.28) 
Substituting (9.27) into (9.28), we obtain 
SiN Se Xe 
= f 2 
o (s; La (s, on eee) 
If we define the “apparent shape factor of aggregate” 7* by 
a ae 
— (= : z) Ti T2 (9.30) 
then the bulk density is 
S2 \° 
= T* ps | s- 9.31 
manos) osv 


Equation (9.31) is apparently the same as Equation (9.26) 
except for the definition of the shape factors. 

Eventually, the bulk density of any soil is defined in the 
form of Equation (9.26) in which the shape factor 7 is the ratio 
of the solid phase to the volume V? for dispersed soils and is 
the apparent shape factor for aggregated soils. This equation 
is applicable to soils that have the third or more aggregations. 
However, it is noted again that the characteristic lengths S, d, 
Sı, dı, S2, and dz are not measurable values. 


376 Water Flow in Soils 


D. Bulk Density Dependence of Air Entry 
Suction and Hydraulic Conductivity 


1. NSMC Model 


Even though the characteristic lengths in the NSMC model 
are not measurable, it is reasonable to assume that air entry 
suction h, is inversely proportional to d, such that 

he d 

A 9.32 

d ( ) 
where h/ is the air entry suction of the same soil whose bulk 
density is p,. By using Equation (9.26) for the soil with bulk 
densities p and p, respectively, the relation 


hl, (tps/pp)'/3—1 (9.33) 


he  (rps/ø,) -1 


According to the discussion given in the previous section (see 
Equations (9.17) and (9.19)), the saturated hydraulic conduct- 
ivity of a soil is proportional to the second power of the aver- 
age radius r of soil pores and, therefore, may be proportional 
to the second power of the characteristic length d as 


Ko Aay 
(=) > (5) (9.34) 
This leads us to the equation 


K; a (oA) = ° 9 35 
~— [(rps/ pp) -1 es 


2. Campbell’s Method 


Campbell and Shiozawa (26,27) proposed an empirical equa- 
tion for estimating the bulk density dependence of air entry 
suction Ae and saturated hydraulic conductivity K, as 


he = hes (=) ree (9.36) 
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1. 1.3b 
K,=4x 10° (=) exp (— 6.9m, — 3.7ms) (9.37) 


where hes is an air entry suction for the standard bulk density 
of 1.3 Mg m`’, b is the power of the soil moisture characteris- 
tic function, me is the clay mass fraction, and m, is the silt 
mass fraction. The parameter b is determined by 


b = —Weg + 0.20g (9.38) 


where ¢,, (J kg) is the air entry potential for standard bulk 
density of 1.3 Mg m~® and Tg (mm) is the geometric standard 
deviation of particle diameter. The value of ¢,, is related to the 
geometric mean particle diameter dg (mm) by 


es = —0.5d,1/” (9.39) 


In short, Equations (9.36) and (9.37) estimate the air entry 
suction and the hydraulic conductivity from the particle-size 
distribution data and the moisture characteristic curve of the 
soil. 

It is noted that, since hes, b, Mme, and m, are all dependent 
on the particle-size distribution and independent of the soil 
bulk density, the equations 


h! A 0.67b 
e ER (9.40) 
he ($) 
and 
1 1.3b 
2E (2) (9.41) 
Kg Ph 


are deduced, where hi and K} are again associated with the 
bulk density p}. The procedure to find the b-value is given in 
the appendix. 


3. Kozeny—Carman Equation 


The well-known Kozeny—Carman equation 


n? 


Be aan ake 
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gives another bulk density scaling of hydraulic conductivity, 
where n is the porosity, c is the so-called “Kozeny constant,” 
and a is the specific surface (28). According to Carman, c = 5 
is the best value for many soils. 

By applying Equation (9.42) to the different bulk dens- 
ities pp and p of the same soil and by using the relation 
between porosity and bulk density, n = 1 — /ps, the bulk 
density scaling procedure is performed as 


K' 275 gf \8 
K.” (x) (==) vee 


4. Comparison of Models 


Table 9.4 shows the five soils of different textures, namely 
sand, sandy loam, light clay, loamy sand, and clay loam, to be 
compared. The b-value used in Campbell’s method is included 
in the table. 

Figure 9.18 shows the measured and predicted air entry 
suctions as a function of bulk density of a volcanic ash origin 
sandy loam. Figure 9.19 shows the measured and predicted 
hydraulic conductivities of the same soil. The value of 
7* = 0.21 is suitable for both predictions. The extremely low 
bulk densities for this soil are attributed to the high poros- 
ities, occasionally more than 80%. 


Table 9.4 Mass Fractions of Texture Classes, Soil Particle Dens- 
ities, and b Values 


. Particle b Values in 
Fractions of texture class density. Equations (9.40) 

Soil type Clay Silt Sand p,(gcm™) and (9.41) 
Volcanic ash origin 

sandy loam 0.11 0.16 0.73 2.63 4.08 
Toyoura sand 0 0 1 2.63 1.19 
Kunigami maji 

light clay 0.34 0.34 0.32 2.74 9.39 
Norfolk loamy sand 0.048 0.11 0.84 — 2.64 


Fukaya clay loam 0.22 0.31 0.48 2.71 12.2 
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Figure 9.18 Predicted and measured air entry suctions of volcanic 
ash origin sandy loam. (After Miyazaki, T., Soil Sci. 161:484—490 
(1996). With permission.) 
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Figure 9.19 Predicted and measured hydraulic conductivities 
of volcanic ash origin sandy loam. (After Miyazaki, T., Soil Sci. 
161:484—490 (1996). With permission.) 
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Miyazaki (25) compared experimentally the predictability 
of the NSMC model with Campbell’s method (26,27) and with a 
modified Kozeny—Carman equation, and concluded that this 
new model is satisfactory provided the shape factor 7 is 
adequately determined. 


E. Determination of the Shape Factor 


The shape factor 7 for dispersed soil and 7* for aggregated soil 
are basically restricted by 


—<T, <1 (9.44) 


For example, if the soil particle density is 2.72 Mg m * and the 
bulk density measured or to be predicted is 1.50 Mg m~°, then 
the 7 or 7* value has to be larger than 0.55. 

When the soil is very dispersed as sand, then the 7 value 
is close to 1. Figure 9.20, the air entry suction versus bulk 
density Toyoura sand, shows that the value 1 is suitable for 
the bulk density scaling of he. Figure 9.21, the saturated 
hydraulic conductivity versus bulk density of this sand, 


Air entry suctionm, h, (cm H20) 


1.4 1.5 1.6 
Bulk density (g cm-3) 


Figure 9.20 Predicted and measured air entry suctions of Toyoura 
sand. (After Miyazaki, T., Soil Sci. 161:484—-490 (1996). With per- 
mission.) 
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1: NSMC method (7 =1) 
2: Campell's method 
3: Kozeny—Carman method 


Hydraulic conductivity, K, (em s7") 


1.4 1.5 1.6 1.7 
Bulk density, (g cm-3) 
Figure 9.21 Predicted and measured hydraulic conductivities of 


Toyoura sand. (After Miyazaki, T., Soil Sci. 161:484—490 (1996). 
With permission.) 


shows the value of 7 is close to 1 and 0.9 may be more suitable 
for the bulk density scaling of Kg. 

When the soil is aggregated, the 7* value is close to pp/ps. 
Figure 9.22, he versus pp of Kunigami maji light clay, shows 
that 0.5 is suitable for the bulk density scaling and this value 
is close to the least value of measured pp/ps = 1.1/2.74 = 0.40. 


1 


Air entry suction, hę (cm H20) 


1 1.1 1.2 1.3 


Bulk density (g cm-3) 


Figure 9.22 Predicted and measured air entry suctions of Kuni- 
gami maji light clay. (After Miyazaki, T., Soil Sci. 161:484—490 
(1996). With permission.) 
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1: NSMC method (t = 0.5) 
2: Campell's method 
3: Kozeny—Carman method 


Hydraulic codnuctivity, K, (em s7!) 


1 1.2 
Bulk density (g cm-3) 
Figure 9.23 Predicted and measured hydraulic conductivities of 
Kinigami maji light clay. (After Miyazaki, T., Soil Sci. 161:484—490 
(1996). With permission.) 


Figure 9.23, K, versus pp, of this soil, shows that 7* = 0.5 is 
quite suitable for the prediction. 

The volcanic ash soil is also an aggregated soil whose 
least value of measured p/p, is 0.32/2.63 = 0.12. The value 
T* = 0.21 determined in Figure 9.18 and Figure 9.19 is a little 
larger than this lower limit but far from 1. 


F. Application of the NSMC Model in Fields 


The bulk density dependence of hydraulic conductivities of 
upland field soils is exemplified in Figure 9.24, whose data 
are from Cassel (29), for nonaggregated loamy sand and in 
Figure 9.25 for aggregated clay loam. Both were obtained 
from various locations and various depths of each field. Figure 
9.24 shows that if we chose an adequate shape factor, say T = 
0.75 to 0.80, then a rough estimation of the hydraulic conduct- 
ivity as a function of their bulk densities is possible. It is noted 
that the Kozeny—Carman equation is also applicable but 
Campbell’s method is not. 

Figure 9.25 shows that there is no relation between hy- 
draulic conductivity and bulk density in this field. The inten- 
sive plowing may have destroyed even the partial similarity of 
soil pores in the same field. The NSMC model and any other 
model are not applicable in such a field. 
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Figure 9.24 Predicted and measured hydraulic conductivities 


of Norfolk loamy sand. (After Miyazaki, T., Soil Sci. 161:484—490 
(1996). With permission.) 
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Figure 9.25 Hydraulic conductivity versus soil bulk density of 
clay loam sampled from Fukaya cultivated upland field. 


G. Applicability and Limitation 
of the NSMC Model 


The applicability of the NSMC model to sandy soil, 
whose shape factor is almost always 1, is sufficiently high. 
Zhuang et al. (30) approved the applicability of the NSMC 
model to other soils whose shape factors are less than 1. 
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They emphasized that the determination of the shape factor T 
by using the geometric mean diameter of flow-relevant par- 
ticles could fairly improve the applicability of the NSMC 
model. In addition, Zhuang et al. (31) applied this model to 
the scaling of saturated hydraulic conductivity. They com- 
pared eight models, including the Kozeny—Carman model 
and the Campbell model, for scaling saturated hydraulic con- 
ductivity using a database of 402 data sets ranging from sand 
to heavy clay collected from 25 sources in the literature. 
Figure 9.26 shows all the results where the correlations be- 
tween estimated and measured saturated hydraulic conduct- 
ivities are represented in a log scale. The degree of deviation 
of the correlation is given by the deviation times (DV) showing 
the smallest value of 3.17 for the NSMC model. They thus 
concluded that the NSMC model performed the best scaling 
out of the eight models (31). 

The applicability of this model to an aggregated soil de- 
pends on the determination of an adequate shape factor 7*. 
The 7* value close to but a little larger than p,/p,, where pp is 
the bulk density of the loosely compacted aggregated soil, may 
give a rough estimation, but it is strongly recommended that 
the he—pp relation is measured by which a reliable 7* value is 
determined. 

The NSMC model is a new and growing model. Miyazaki 
and Nishimura (32) showed that the predictability of K, as 
functions of p, of mechanically compacted clayey soils by the 
NSMC model were relatively poor, due to the extreme destruc- 
tion of the aggregates and to the rearrangement of clay par- 
ticles during the compaction. The NSMC model for such 
compacted soils may be improved by defining the shape factor 
as a function of the bulk density or compaction energy. 


H. Extension of the NSMC Model 
to Unsaturated Soils 


Zhuang et al. (33,34) further extended and modified the 
NSMC model to use for the unsaturated soils. They found 
good applicability of this model both in estimating the un- 
known soil water retention characteristics for different tex- 
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Figure 9.26 Comparison of values of log K, measured and esti- 
mated by means of the eight models. (After Zhuang, J., Nakayama, 
K., Yu, G. R., and Miyazaki, T., Soil Sci. 165:718—727 (2000). With 
permission.) 


tural soils and in estimating the unsaturated hydraulic con- 
ductivities of different dry bulk densities. The newly proposed 
NSMC-based equation for unsaturated hydraulic conductiv- 
ity, Kus, is given by (34) 
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1/3 _ 1]? 2b 
Kye(0) = K,, ea = 1 ($) (9.45) 
(tps/pp)/? —1] \Os 


where K, is the saturated hydraulic conductivity, pup is the 
flow-related bulk density or flow-active porosity, and 0, is the 
saturated volumetric water content. 

Figure 9.27 shows the comparison of estimated and 
measured unsaturated hydraulic conductivities of sandy 
loam soils in a log scale. Among the six models, the newly 
proposed NSMC-based model (34), the BC model (Brooks and 
Corey model (85)), the DLC model (double log conductivity 
model (36)), the A-S model (Alexander and Skaggs model 
(37)), the VG—M model (van Genuchten-Mualem model (38)), 
and the SLC model (single log conductivity model (36)), they 
found the smallest value of the root mean square error 
(RMSE) of 1.001 with the NSMC-based model for sandy loam. 

Although the NSMC model is showing relatively good 
applicability to both saturated and unsaturated soils, it is 
not very versatile and is sometimes less applicable than the 
other models. In conclusion, the NSMC-based approach is 
expected to improve the efficiency of the existing models in 
the simulation of soil water flow (34). 


V. SPATIAL VARIABILITY AND GEOSTATISTICS 
A. Spatial Variability 


To define the heterogeneity of soils in fields in terms of REV, it 
has been assumed tacitly that every REV is independent of 
each other. This means that every physical property given as 
an averaged value within each REV is independent. It is, 
however, often recognized that the differences in soil proper- 
ties depend on their mutual distances (i.e., the closer the two 
arbitrarily chosen REVs, the lesser the differences in their 
properties). Taking account of the histories of soils in the 
sense of geographical, topographical, and geological influ- 
ences on the properties of natural soils, it is not surprising 
that a soil has features similar to those of the surrounding 
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soils in fields. This type of heterogeneity is treated statistic- 
ally and is termed as spatial variability or spatial structure of 
soils in fields. 

On the other hand, there is heterogeneity in strata, 
gravels, rocks, macropores, and fissures of soils in fields. In 
these fields, soil properties change abruptly with space. This 
type of heterogeneity cannot be treated statistically but has 
serious influences on water flow in soils. 


B. Geostatistics 
1. Semivariogram 


Geostatistics was developed to optimize the estimation of 
mining reservoirs from restricted samples. Nielsen et al. (39) 
introduced this geostatistics to analyze the spatial structure 
of soils in fields. Figure 9.28 shows equally spaced measuring 
points with distance h (called lag in time-series analysis). 
Semivariance y(h) of measured values is defined by 


1 N(h) 5 
xh) = INTS 2 [Z(x; +h) — Z(«:)] (9.46) 


where x; is the x-coordinate of the measurement point, Z(x;) 
is the measured value defined at each point x; (i = 1, 2,..., 
N(h)), and N(h) is the total number of pairs of measurement 
for given h. Denoting the total number of measurement point 
by N*, the numbers Nh), N(2h), N(3h),...are given by 


Nh) =N*-1 
N(2h) = N* — 2 
N(3h) = N* — 3 


and so on. In a stationary random condition (i.e., second-order 
stationary (40)), the semivariance is related to the autocorre- 
lation function p(h) by 


yh) = 07 [1 — oh) (9.47) 


where o” is the variance of variable Z(x;). A typical semi- 
variogram and simultaneously determined coefficient of 
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Figure 9.28 Equally spaced measuring points with lag h in the 
x-axis and distribution of measured values Z(x;). 


autocorrelation as functions of lag h are given schematically 
in Figure 9.29, where point a designates the range of influ- 
ence. In this example, any measured values Z(x) are related 
more or less to other values Z(x + h) when h is less than the 
range of influence a. When h exceeds this value, the semivar- 
iance yh) reaches the sill C, which is identical with the vari- 
ance o° under a stationary random condition. It is concluded 
that the independence of REV in heterogeneous fields is guar- 
anteed statistically only when each REV is separated more 
than the range of influence a. 


2. Models of Semivariogram 


Several types of models representing semivariogram have 
been proposed. The most common one is the spherical model 
(ideal model), given by 


3 
= (3 =) when h<a 


2a 2a? (9.48) 


when h>a 
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Figure 9.29 Typical semivariogram and coefficient of autocorrela- 
tion as functions of lag h. 


where a is the range of influence and C is the value of sill. The 
linear model is given by 


_ {[Cot+ph whenh<a 
Wr í c when A >a 229) 


where Co is the nugget effect (Figure 9.30). When soil in a field 
has local heterogeneity as to clay lumps, rocks, and foreign 
materials, the value of semivariance with even a very small 
lag may be still large, due to the local heterogeneity. Hence, 
the nugget effect, Co, increases with the local heterogeneity of 
soils. 


3. Spatial Structure in Fields 


When a field is highly structured geostatistically, the range of 
influence may be large, while when a field is less structured 
geostatistically, the range of influence may be small. If there is 
no spatial structure at all in a given field, the range of influ- 
ence is zero and any soil samples are regarded to be independ- 
ent of each other. 
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Figure 9.30 Spherical model (ideal model) and linear model for 
semivariogram. 


Empirically, the range of structure is some meters in a 
less structured field and some tens of meters in a highly 
structured field. The ranges of influence depend on the prop- 
erties of soil in question and on the size of the REV in a given 
field. This means that even if no spatial structure is recog- 
nized with respect to a given REV, there exists room to inves- 
tigate spatial structures with respect to different sizes of 
REV. In addition, even if no spatial structure is observed 
with respect to a particular property in a given field, it re- 
mains possible to locate spatial structures of other properties 
in the same field. 

Figure 9.31 shows an example of a semivariogram 
of mechanical impedance in a transection of silty loam soil at 
a depth of 30 to 45 cm in an upland field measured by Selim 
et al. (41). When the linear model (Equation (9.49)) was ap- 
plied to the semivariogram, the range of influence was esti- 
mated to be 8.63 + 1.30 m, the nugget effect was estimated 
to be 0.76 + 0.09 MPa”, and the sill was estimated to be 1.40 
+ 0.03 MPa’. 

Figure 9.32 shows another sample semivariogram of bulk 
densities and volumetric water contents of surface soils in a 
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Figure 9.31 Semivariogram of mechanical impedance in a tran- 
section of silty loam soil at the depth of 30 to 45 cm in an upland 
field. (After Selim, H. M., Davidoff, B., Fluhler, H., and Schulin, R., 
Soil Sci. 144(6):442—452 (1987). With permission.) 
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Figure 9.32 Semivariogram of (a) bulk densities and (b) volumet- 
ric water contents of surface soils in a paddy field. (After Haraguchi, 


N., Trans. Jpn. Soc. Irrig. Drain. Reclam. Eng. 150:27—35 (1990). 
With permission.) 


paddy field, where no spatial structure was recognized (42). 
The range of influence is therefore zero in this field. 

There are two details of practical significance to consider 
when investigating spatial structures in fields. First, once a 
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spatial structure is identified in a field with a given REV, to 
obtain independent data the measurement or sampling must 
be conducted at locations separated from each other by more 
than the range of influence. Data taken within the range of 
influence are not independent of each other. Second, when the 
spatial structure is known, more precise estimations of un- 
known values of soil properties in a given field are available 
through a special statistical procedure, kriging. 


4. Geostatistical Estimation 


If a particular property of soil is known at locations 1 through 
5 in a field as illustrated in Figure 9.33, the unknown value 
at location A is traditionally given simply by averaging the 
adjacent data as 


1 5 
aS: > fi (9.50) 


where fa is the value in question at the location designated by 
A and f; denotes the known value at the locations denoted by 
E ELS 

A better estimation of the unknown value at location A 
is obtained by taking account of the spatial structure in the 
calculation (43). By allocating weights œ; to each sample 
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Figure 9.33 Estimation of the value at A by using known values 
at 1 through 5. 
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according to its distance from the point A, the estimator be- 
comes 


5 
hea Gat (9.51) 
i=l 


Table 9.5 gives an example where the volumetric water con- 
tents of soil samples at each location in Figure 9.33 are des- 
ignated by distance from point A. By correcting the inverse 
distances so as to make the sum total to unity, the corrected 
weights œ; are allocated to each sample. 

The value of volumetric water content estimated by using 
Equation (9.50) is 0.124 cm? cm ~®, while that by using Equa- 
tion (9.51) is 0.118 cm? cm *. The latter estimation is more 
reliable in this field. Using uranium estimation, Clark (43) 
demonstrated that the inverse distance estimation produces a 
(slightly) more accurate result than the arithmetic mean. 

Kriging is a further generalized procedure in the deter- 
mination of the weights w;. In kriging, the values of œz (i = 1, 
2,..., n) are determined by two conditions: 


1. The expected value of the difference between true 
unknown value fa and estimated value fx is 


Elfx —fa] =0 (9.52) 


where E denotes the expectation. In other words, the estimate 
is unbiased. 


Table 9.5 Allocation of Weights w; to Each Sample by the Distance 
from Point A 


Sample Water content Distance from Inverse Corrected 
number i (cm? cm~’) point A (m) distance weight w; 
1 0.15 5.2 0.19 0.13 
2 0.12 4.0 0.25 0.17 
3 0.11 1.9 0.53 0.36 
4 0.14 5.7 0.18 0.12 
5 0.10 3.1 0.32 0.22 


1.47 1.00 


Heterogeneity of Soils in Fields 395 


2. The variance 
E| ffi — fa} (9.53) 


is minimum. 
The estimation of fx in the case given in Figure 9.33 is 
defined by 


5 
fa => wifi (9.54) 
i=1 
where 
5 
Swi =1 (9.55) 


i=1 


In this procedure, the weights œ; are termed the kriging fac- 
tors. The detailed procedure for finding the kriging factors w; 
under these two conditions is beyond the scope of this book. 
Readers interested in kriging calculations are referred, for 
example, to the books by Clark (43) and Davis (44). 


VI. MACROPORES 
A. Types of Macropores 


The heterogeneity of fields, formed by soil layers, surface 
crusts, cracks, gravels, rocks, and large pores due to small 
animals and plant roots, influences the flow of water in soils 
complexly. Differing from the spatial structure in fields, where 
gradual changes in soil properties in space predominate, this 
type of heterogeneity is accompanied by abrupt changes in soil 
properties in space, with evident boundaries against the soil 
matrix. The refraction of flow passing across these boundaries 
has been discussed in Chapter 3. 

The effect of macropores on water flow was not studied 
comprehensively until Beven and Germann (45) published an 
epoch-making paper entitled “Macropores and Water Flow in 
Soils.” Figure 9.34 illustrates exaggerated macropores in soils 
modified from the macropore model of Beven and Germann 
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Figure 9.34 Exaggerated macropores in soils. (Modified from the 
macropore model given by Beven, K. and Germann, P., Water 
Resour. Res. 18:1311-1325 (1982). With permission.) 


(45). The saturated water flow in these macropores, termed 
bypassing flow, is a type of preferential water flow (see Chap- 
ter 4). The macropores formed by large decayed plant roots 
occasionally develop similar root distribution configuration, 
resulting in bypassing flows in soils. Bypassing flows of 
water presumably appear in cracks in surface soils, in macro- 
pores formed by small animals, and in mole drains in sub- 
surface soils provided that these bypasses are open to the 
atmosphere. 


B. Buried Macropores 


The most important criterion in the classification of macro- 
pores is whether the macropores are open in the atmosphere 
or they are buried under the soil surface. 

The effects of buried macropores on water flow are not 
as simple. When the matric potential of water in a soil with 
macropores is less than zero (i.e., when the soil is under 
suction), water never moves out of the soil matrix and does 
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not flow into macropores. Even when ponding water exists on 
the soil surface, the matric potential of subsurface water sel- 
dom exceeds zero, and water in such subsoil does not flow into 
the buried macropores. 

Figure 9.35 shows an example of buried cracks formed 
in the clayey subsoil at a depth of 1 m below the surface in 
reclaimed land in Holland. The maximum width of the crack 
is about 10 cm. The groundwater level has been maintained 
below the cracks for a long time by the drainage facilities. It is 
supposed that the matric heads in the soil matrix around the 
cracks have been kept at a negative value, and hence no flow 
would have been generated within the cracks. 

Buried macropores contribute to bypassing flows only 
when groundwater levels rise up to the macropores and the 
matric potential of the soil water exceeds zero. Furthermore, 
buried macropores contribute to subsoil drainage only when 
they have outlets into spaces in which the pressure is equal to 
that of the atmosphere. In this sense, buried cracks, buried 
mole drains, and buried macropores formed by plant roots and 
soil fauna, as shown in Figure 9.34, do not play a role in 
bypassing flow when the matric potential of the soil water is 
less than zero. 


Topsoil : 


gt 


Figure 9.35 Typical buried cracks formed in clayey subsoil. 
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APPENDIX: THE b-VALUE ESTIMATION 
OF CAMPBELL’S METHOD 


The procedure of calculating the value of b in Equations (9.40) 
and (9.41) from Equations (9.38) and (9.39) is described in 
Campbell’s textbook. It seems, however, convenient for us to 
summarize the procedure and to exemplify particular cases 
here. 

The values of d, and pg are given by 


dg = exp 6s miln di) 
Pe = exp ps mi(Indi)” — (X min a) | i 


where m; is the mass fraction of textural class i and d; is the 
arithmetic mean diameter of class i. According to Campbell, 
delay is 0.001 mm, di; is 0.026 mm, and dsana is 1.025 mm. 

For example, the Kunigami maji light clay (see Table 9.4) 
is composed of 34% clay, 34% silt, and 32% sand. By using the 
mass fractions given in the table and Campbell’s d; values, the 
parameters are determined as 


dg = exp(0.34 In 0.001 + 0.34 In 0.026 + 0.32 In 1.025) 
= 0.02783 


a ts 2.9972 


O ydig 
og = exp[0.34(1n 0.001)? + 0.34(1n 0.026)” 
+ 0.32(In 1.025)” — (0.34 1n 0.001 + 0.34 1n 0.026 


+ 0.32 In 1.025)°]"? 
= 16.69 


and, eventually, the value of b is determined from Equations 
(9.38) to be 9.33. 
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Advection—dispersion equation, 
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Advection fluxes 
of oxygen, 294 
of substrate, 294 
Air compression, in fingering 
flow, 137 
Air entry suction, 31, 32, 156 
bulk density dependence of, 
376-380 
of Kunigami maji light clay, 381 
of sandy loam, 379 
of Toyoura sand, 380 
Air entry values, 33, 59, 157 
equipotential line, 215 
Air pressure gradient, 228 
Air—water interface, 10 
Alexander and Skaggs model, 387 
Allophane, 33; see also Clay 
minerals 
a,a’-dipyridyl method, 266 
Andisol, in lysimeter, 172, 191 
Anion, repulsion of, 8 
Anisotropy 
coefficient, 97 
in saturated layered soil, 
105-106 


in unsaturated layered soil, 
107-108 
of flow, 90 
in layered soil, 108, 109 
Arid regions, 224, 250 
Artificial rain, 172, 191, 214, 215 
generator, in lysimeter, 174 
A-S model; see Alexander and 
Skaggs model 
Autocorrelation 
coefficient of, 389, 390 
function, 388 
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Axial resistance; see Hydraulic 
resistance 
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Bacteria, 264, 269, 280 
aerobic, 270, 281 
anaerobic, 262, 270, 274 
count, 270, 276 
seasonal change in, 271 
Bacterial mat, 281 
Bacterial numbers, 262 
Bacterial plug model, 284; see 
also Clogging 
Bare soil, 49, 194, 316 
Basis function, 117, 119 
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BC model; see Brooks and Corey 
model 
Bentonite, 6 
Biofilm, 279, 283 
formation, 285, 287 
kinetics, 281 
model, 280, 282, 284, 289 
uniform, 282 
Biofilm-coating model, 282, 283 
Biomass, 282, 286 
conservation and production 
of, 290—298 
density, 281 
net, 291 
oxidation rate, 291, 293 
production energy, 292, 293 
production rate, 291 
gross, 290, 292 
net, 293 
potential, 291-292 
synthesis of, 293 
volume, 286, 287 
Biovolume ratio, 283, 286—288 
Boltzmann constant, 236 
Boundaries, upstream and 
downstream, 97 
Boundary conditions, 95 
flux control, 44 
fundamental, 115 
natural, 115 
of constant rain intensity, 178 
of matric head on slope, 201 
of steady flow on slope, 210 
of water content at land 
surface, 44 
of water flow at land surface, 
44,61 
Boundary-value problem, 103, 104 
two-dimensional 
domain of, 115 
elliptic, 95 
variational, 95, 115 


Index 


Br’ concentration, in test field, 
359 
Brakensiek model, 385 
Brooks and Corey model, 387 
Buckingham—Darcy equation, 22 
for GPF, 75 
Bulk density, 310, 357, 358, 
376-380, 382 
dry, 5, 385 
NSMC model, 374 
of aggregated soil, 375 
of clay loam, 383 
of surface soil, 166, 273 
profile 
of Kunigami maji light clay, 
381, 382 
of Norfolk loamy sand, 383 
of Toyoura sand, 380, 381 
of volcanic ash soil, 32, 274, 
379 
scaling procedure, 378, 381 
semivariogram of, 392 
Bypassing flow 124, 125, 
127-136; see also 
Preferential flow 
in cracks, 129, 396 
in field, 127, 131 
in macropore, 396 
lateral, 129-136 
vertical, 127—129 
Byproduct accumulation, 284 


C 
C/N ratio, 282 
Cadmium, 38; see also 
Contamination 
Campbell method, 376-377, 
383, 385, 398 
Capillary 
barrier, 142, 153-154, 159 
effect, 204—205 
condensation, 237—239, 241 


Index 


model, 151, 152, 183 
potential, 22 
pressure, 153, 365 
radius of, 152, 156 
water, 151 
Carbon content, 264 
Carbon dioxide, 315 
Catchment 
area, internal, 128 
factor, 158, 159 
river, 362 
Cation, attraction of, 8 
Cell accumulation, 282, 284 
Characteristic curve, 85 
Characteristic length 
microscopic, 369 
of preferential flow, 127 
similar-media concept, 
362-363 
solid phase, 372-374 
Chemical potential of water, 14 
Chemicals, 42, 124, 270; see also 
Contaminant 
on surface sealing, 194 
Chloramphenicol, 264; see also 
Percolating solution 
Chloride, water and, 247—249 
Clausius—Clapyron equation, 
231 
Clay liners, 277—279 
Clay minerals, 3, 8, 311 
Clod sizes, 194, 195 
Clogging 
biological, 261 
microbial, 280—288 
Closed system, flow of 
water, 30 
6Co activity, 167-168 
Coarse-textured layer, 136 
COz concentration, 272 
Coefficient 
of kinematic viscosity, 127 
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of variation, 357, 358 
of viscosity, 366 
Colloidal substances, hydration 
of, 320 
Colluviation of soil, 201 
Colony density, 296—298 
Colony-enveloping model, 
285-288 
Compaction, 27, 183, 384 
Concave surface 
equilibrium at, 236 
evaporation at, 239 
Condensation; see also Capillary 
equation, net, 238 
rate, 239, 240 
mass basis, 238 
cumulative, 249, 250 
Condensation—evaporation 
coefficient, 235 
Conservation law, 115 
Constant-rate stage, 67—69, 71; 
see also Evaporation 
Contaminant 
migration of, 136, 142 
water, 40 
Contamination, 81, 124, 310 
Continuity 
condition of flow, 69 
equation, 25, 75; see also Mass 
balance equation 
of flow, 37 
Convection, 228 
velocity of, 229 
Cosby model, 385 
Crack, 124, 129-132, 135, 330 
buried, 396, 397 
model, 336 
network of, 134 
surface, 330 
wall, 336-340 
water uptake by roots in, 
336-340 
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Critical angle, 92 
Critical pressure head concept, 
52 
Crop 
roots, distribution of, 327-331 
water uptake rate of, 332 
Cross-sectional flow area, 
decrease in, 27 
Crustal movement, 183 
Crust formation, 191—196 


D 
Darcy’s equation for water flux, 
20-24, 306 
Darcy’s law, 20, 91, 127, 
129, 134 
flow in narrow pipe, 366 
for steady upward flow, 61 
in soil resistance, 322 
Deep soils, 75—85 
Deep zone, 129, 315 
Degree 
of incline, 165 
of resistance, 27 
of saturation, 8, 303, 305 
of suction, 33 
Denitrification, 38 
Diffuse electrical double 
layers, 8 
Diffusion 
air, 228 
boundary layer, 289 
thickness of, 294, 297 
coefficient 
effective, 247, 255 
of oxygen, 297 
of substrate, 297 
equation 
for water vapor one-way, 
229 
of mutual, 229 
one-way, 229 


Index 


flux, 240 
of dry air, 226 
of water vapor, 239 
toward liquid surface, 238 
layer, fluxes in, 2938-294 
molecular, 289 
water vapor, 226—228, 241, 
315 
basic equation of, 230 
continuous processes of, 238 
isothermal, 225—228 
nonisothermal, 230—232 
Diffusivity 
isothermal liquid, 246 
thermal liquid, 245 
Dilution plate counts, 199 
Discharge zone, 309 
Dispersion, 260, 261 
dispersed soil, 375 
of dry soil, 260 
flux 
of oxygen, 295 
of substrate, 295 
of soil, 194 
of soil particles, 262 
protection against, 194 
Disturbed sample, 356-357 
Dithionite, 278, 279 
Diversion capacity, 155 
DLC model; see Double log 
conductivity model 
Double-gamma-beam method, 
32 
Double log conductivity model, 
386, 387 
Downward flow, 23, 76 
gravity-predominant, 80 
in wetted zone, 73 
Drainage, 78, 198, 214, 272, 307 
deep, 314 
downward, 164 
efficiency, 310—312 


Index 


rate, 131, 191, 192, 371 
stage, 73; see also 
Redistribution 
Driving forces 
of soil water uptake, 318-320 
of water vapor, 233 
Dry 
air, density of, 226 
layer, 136, 181 
soil, salt-affected, 232 
surface—soil zone, 316 
Drying; see also Wetting 
curve, of water retention, 
180 
curve, primary, 17 
of soil, 11; see also Hysteresis 
of surface soil, 73 
process, 15-16, 31, 180 
zone, 73 
Duncan’s multiple-range teat, 
311 
Dye front, in dry sand, 42 
Dye 
clumps of, 144 
dispersivity, 96 
flow path, 131 
qualities of, 96 


E 
Ecological balances, 269 
Eggalbumin agar, 262 
Electrical double layers, 15; see 
also Diffuse electrical 
double layers 
Electrolytes 
content, 260 
solution, 194, 196 
Electron acceptor, 280, 291, 
293 
Element 
boundary, 120 
size, 353 
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Energy sources, 262, 263 
Enhancement factors, 228—230 
mechanical, 233—234 
Enthalpy, 231 
Entrapped air, 30—34, 46, 261 
Enveloping factors, 286—288 
Environmental conditions, 44, 
81, 310 
Equihydraulic head lines, 91 
Equipotential lines, 104, 
172-174, 215 
Erosion, 183 
Evaporation, 61, 66-73, 84, 164, 
241, 362 
annual, 223 
constant-rate, 70 
falling-rate, 72-73 
latent heat of, 231, 256 
pan, 316 
pattern of, 66—68 
rate, 73 
mass basis, 236—237 
maximum, 66, 236 
net, 239 
potential, 66, 68, 70, 318 
soil surface, 316 
surface, 66, 312 
transient, 65 
Evaporation—diffusion process, 
240 
Evaporative demand, 314, 316, 
327, 332, 333 
Evaporativity, external, 66 
Evapotranspiration, 308, 309, 
312, 315-318 
annual, 75 
from upland rice field, 
317 
rate of, 314, 334 
Exopolymers, 280 
Extraction term, 326; see also 
Water uptake 
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F 
Falling-rate stage, 72—73, 316; 
see also Evaporation 
first, 67 
second, 68, 73 
Fe(II), 266, 267 
Fe-coating, 279 
Feldspar, 3 
Fertilizer, 270 
Fick’s law, 225; see also 
Diffusion 
Field capacity, 335 
Fine-textured layer, 136 
Fingering flow, 124, 125, 127, 
136-139, 149 
first, 150 
Fingers 
average thickness, 147 
distance between, 148 
flux of, 148 
high-swell, 138-139 
low-swell, 137-141 
number of, 147 
Finite difference method, 95 
Finite-difference technique, 
explicit, 178 
Finite element, 115 
approximation, 95, 120 
method, 95, 104, 115-119 
Fitting parameters, 49—50 
Flow path, 131, 324 
Fluorescein, 96 
Flux 
component, 153, 198 
lateral, 109 
constant vertical, 151 
dimension of, 226 
distribution of, 204—206 
downward, 67, 150, 155, 185 
incidence angle of rain, 187 
infiltration into slopes, 
175-177 


Index 


mass balance of, 91 
of water, 102, 108 
quantitative predictions of, 
223-225 
upward, 63, 343 
maximum, 66 
of water, 61, 338 
Forced-closed system, 
33-34 
Free 
air, 10, 30, 31, 35 
iron oxide, 268—269 
swell index, 279 
Fungi, 264, 271 
Funicular water, 27 
Funnel phenomenon, 142 
Funneled flow, 124—126, 
139-160, 184 
experimental observation, 
143-148 
Hele—-Shaw model, 143 
maximum rate of, 151 
modeling, 150—158 
saturated, 150—153, 156, 
184-186 
thickness of, 150 
thickness of, 152 
unsaturated, 153-155, 157 


G 
Galerkin’s method, 119 
Gamma-beam equipment, 55 
Gas 

bubbles, 264, 266 

movement distance of, 226 

pressure, 239 

production of, 262, 282 
Gas constant 

molecular, 236 

of dry air, 226 

of water vapor, 226, 

257 


Index 


Gas phase, 7—8, 227 
configuration, 30—38 
types of, 30 
state of, 239 
volume, 266 
volume ratio, 226, 264, 265 
Gauss divergence theorem, 
117 
Genuchten’s function, 13 
Geometrical equation, 111 
Geostatistical estimation, 
393-395 
Geostatistics, 388-395 
Glucose, 262—265, 268 
solution, 264; see also 
Percolating solution 
Glycocalyx, 280 
GPF; see Gravity predominant 
flow 
Gravel, 3, 357, 388, 395 
layer, 65—67 
Gravitational head, 241 
Gravitational potential, 20, 319 
Gravity, 75, 175, 187 
effect of, 56, 73, 319 
predominant flow (GPF), 
75-717 
flow in deep soils, 81 
flux of, 75 
in wetted deep zones, 76 
limitation of, 84 
of wetting front, 80 
Green—Ampt equation, 50—54 
Groundwater, 9, 229, 281 
flow, 90, 101 
lateral flow, 59 
level, 21, 79, 211, 397 
in cracks, 135 
surface slope, 136 
table, 61, 63-65, 303 
Guelph loam, 83 
Gypsum, 194 
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H 
Hanford sandy loam, 55, 57, 
58, 60 
Heat probe method, 340-343 
twin, 341 
Hele—Shaw model, 143, 157—159 
Herz—Knudsen equation, 235 
Heterogeneities, 352-354, 388, 
395 
of soil, 49, 312, 386, 390 
Heterogeneous 
fields, 357, 389 
soils, 90, 115, 124, 129, 142 
Holtan equation, 50 
Homogeneous soil, 354, 357 
Horton equation, 50 
Horton overland flow, 189, 196; 
see also Runoff 
Humidity, 72, 230 
of air, 315 
relative (RH), 66, 68, 221, 248, 
249, 227 
Humus layer, 4, 170 
Hydrated solute molecules, 15 
Hydraulic conductivity, 25, 90, 
111, 266-298, 379-383 
average, 106 
curve, 371 
decrease in, 263 
of bypassing flow, 134 
of crust, 192, 193 
of marine clay, 280 
of microbes, 268 
on different depths, 276—280 
synthetic, 193 
Hydraulic 
head, 21, 23, 69, 91-92, 134 
gradients, 129 
parameters, 63 
properties, 49, 68, 106, 213, 
289 
of crack, 361 
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resistance 
axial or conductance, 321, 
324, 326, 334 
definition of, 320—322 
in soil—plant system, 321 
interfacial, 325 
radial or absorption, 322, 
324, 326 
rhizosphere, 322 
through stem, 321 
Hydrodynamics, of fingering 
flow, 187-140 
Hydrologic modeling, in river 
catchments, 362 
Hydrological 
balance, 308 
processes/events, in fields, 
124, 346 
Hydrostatic pressure, 320 
Hysteresis, 11, 15-17, 29, 31 
loops, 371 


I 
Ideal gas, 226, 229, 231 
Immobile water, 42 
Impermeable layer, 21, 65, 
167-168, 215, 229 
Incidence angle, 90, 92-94, 99, 
101, 108, 177, 187, 209 
Incidence flux, 91, 108, 110 
Inertia force, 127 
Infiltration, 38-59, 175, 178, 
198, 314, 362 
by rain, 43, 78, 84, 172 
capacity, 45—46, 50, 175, 
187-189, 198 
cumulative, 50 
downward, 181—182 
driving force of, 175 
early stage of, 136 
final stage of, 145 
horizontal, 41, 55, 56 
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in slopes, 172—187 
into layered slopes, 183-187 
into vegetated fields, 314 
inverse analysis, 58-59 
moisture profile, 55 
ponded water, 45, 48 
rate, 45, 46—49, 187 
bare soils, 49 
final, 46, 48, 50, 189 
initial, 50 
maximum, 189 
sprinkling water, 48 
tillage effects, 310 
vertical, 55, 182 
vertical-down, 55, 57 
vertical-up, 55 
wetting-front distance, 372 
Ink bottle effect, 16 
Instantaneous profile method, 37 
International Society of Soil 
Science (ISSS), 3 
Irrigation, 164, 303, 306 
Isotopically labeled water, 83 


J 
Jump condition, 92, 94—95, 104, 
119 
nonhomogeneous, 94 


K 
Kanto loam, 5—6 
Kawazato light clay, 266-268 
Kelvin equation, 236 
Kinematic wave, 85 
equation, 69, 186 
Kostiakov equation, 50 
Kozeny—Carman 
equation, 377-378, 380, 382 
model, 284, 384, 385 
Kozeny constant, 378 
Kriging factors, 395 
Kriging procedure, 393-395 
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Kung model, 152, 160 
Kunigami mahji, 194, 196, 378 


L 
Laminar flow, saturated, 366 
Laplace equation, 10, 26, 105 
Lateral water flow, 108, 134, 
142, 167, 206 
saturated, 185 
subsurface, 168 
thickness of, 186 
total amount of, 133, 185 
Lateral water flux, 199, 204 
Layered soil, 97, 106 
horizontally, 91 
Leaching, natural, 224 
Linear model, for 
semivariogram, 390-391 
Liquid island, 234, 240 
condensation and evaporation 
in, 235-241 
steady state of, 240—241 
Liquid meniscus, 156, 364, 365 
Liquid-phase state, 8 
Liquid water 
density of, 236 
movement of, 220 
Lysimeter, 46, 130, 191, 215 
slope-adjustable, 172, 174, 
199, 203, 214 
sloping, 47 


M 
Macropores, 49, 129, 134, 
395-397 

buried, 124, 396-397 

outlets, 190 

root growth, 330 

types of, 395-396 
Mariotte bottle, 143 
Masa sandy loam, 183 
Mass balance, 73, 292 


equation, 91, 151, 186 
Mass flow factor; see 
Enhancement factors 
Matric head, 11, 36, 80, 214, 
325-369 
distribution, 63, 64, 204, 212, 
213 
gradient, 72, 151, 175-198, 
241, 244 
at wetted zone, 73 
Matric head profile, 65, 78, 198, 
200, 205 
two-dimensional, 172 
Matric head 
at interface, 92 
at turning point, 68 
definition of, 9 
change in, 114, 148, 243 
Matric potential, 9, 172, 242, 
319-323, 397 
definition, 9 
gradient, 75, 175, 227, 
305-307, 319 
in semiarid or arid regions, 
223, 224 
in plants, 320 
Matric pressure, 9 
Mercury intrusion method, 355, 
357 
Meteorological condition, 61, 75 
Methane gas, 264 
Method of characteristics, 76, 
84-85 
Methyl orange, 96 
Mica, 3, 311 
Microaggregates, 314 
Microbes, 33, 268 
Microbial 
cells, 261 
colony formation, 285 
count, distributions of, 271 
decay coefficient, 293, 297 
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growth, 280, 288-298 
Microbiological 
effects 
of nutrient water, 275 
on permeability, 273-277 
factors, on water flow, 
259-298 
Microcolony, 281, 288-290, 
295 
concept, 282 
model, 280, 289 
Micrometeorological approach, 
316, 317 
Microorganisms, 262, 268, 
269-273, 297 
maximum specific growth rate 
of, 292, 297 
oxygen consumption of, 
266 
yield coefficient, 297 
Microscopical flow, 98 
Midslope, natural, 166 
Mining reservoirs, 388 
Mobile water, 47 
Moisture characteristic curve, 
12, 18, 65, 243; see also 
Retentivity of water 
hysteresis of, 16 
reduced, 370 
Moisture condition, 307 
in slope, 165-172 
Molecular force, between clay 
and water, 15 
Mole drain, 130, 133, 136 
buried, 396 
Monod equation, 291, 291-293, 
293 
Monona silt loam, 59—60 
Montmorillonite, 6 
Multilayer model, 111—114; see 
also Refractive anisotropy 
coefficient 
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N 
Navier-Stokes equation, 
linearized, 366 
Net radiation, 221 
Nicollet loam, 262 
Nonsimilar media concept 
(NSMC), 286,372—386 
for aggregated soils, 374—375 
in fields, 382-383 
limitation of, 383-384 
unsaturated soils, 384—386 
with Campbell’s method, 380 
Nonsimilar soils, 372 
Nonsterile soils, 273, 275 
Nonuniformity 
of soil, 50 
of soil matrix, 340 
Nugget effect, 390-391 
Numerical method verification, 
of refraction theory, 
103-105 
Numerical solution, 105, 179, 
182, 211-212 
Nutrients, 263, 268, 273, 
278-280 
water, 275—277 


O 
Ohm’s law, 321 
Oil reservoir, 136 
Open system, water flow in, 33, 
34-36 
Organic 
materials, 261 
matter, 4, 8, 269, 312 
decomposition of, 183 
movement, 183 
removal rate, 290 
Osmotic coefficient 
(dimensionless), 244 
Osmotic effect, on retentivity, 
13-15 
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Osmotic efficiency coefficient, 
245, 246, 255 
Osmotic 
head, 14, 241, 244 
gradient, 241, 244-245 
potential, 14, 15, 20, 21, 319 
in cells, 320 
gradient, 223, 227, 
232, 320 
profile of, 224 
pressure, 14 
Overland flow; see Horton 
overland flow 
Oxidation, 291-293 
of subsoil, 34 
Oxygen saturation constant, 
291, 293 
for decay, 297 
Oxygen use coefficient, 297 


P 
Paddy field, 38 
Partial differential equation, 
103 
first-order, 69, 84 
nonlinear, 57 
Partial flow, 124 
Partially saturated water, 27 
Particle 
density, 378 
diameter, geometric mean, 
377 
size, 62, 288, 369 
size distribution, 377 
curve, 3, 369 
size frequency curve, 369 
Partitioning coefficient, 305 
Percolating solution, 264-266 
Percolation, 198, 269, 296, 297 
downward, 66 
of materials, 6 
steady, 204, 206 
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Permeability, 260—261 
microbiological effects on, 
261-269 
of top soil layer, 191 
soil, 273, 289 
Permeable layer, 101, 206—208 
Philip 
infiltration rate, 57 
method, 54—58 
solution, 57, 58 
Photosynthesis, 315 
Phreatic surface, 215 
Pipe flow, 124 
Piston flow, 40 
Pit, 180—134, 228 
Plant growth, 221, 324 
inferior, 308 
Plant layers, 170—172, 183, 204, 
206 
Plant resistance, 324; see also 
Hydraulic resistance 
Poiseuille’s law, 366 
Ponding time, 197 
Ponding time on slopes, 196—198 
Pore 
size distribution, 11, 355 
curve, 356 
function, 368 
soil, 98, 304 
throat size, 286 
water velocity, mean, 81—84 
Porous media, 94, 98, 281—284, 
373 
conceptual, 363 
internal space of, 284 
Potassium permanganate, 40, 
96, 98, 144 
Potassium nitrate, 268 
Potential 
energy of water, 9, 20 
evaporation rate, 66; see also 
Evaporation 
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Power function, 12-13 
Precipitation, 164, 214, 279, 309, 
312 
annual, 75, 223, 342 
intensity of, 149 
mean, 81 
Preferential flow, 31, 123—160, 
204 
Pressure head, 50, 53 
effective, 51-52, 54 
Pressure potential, 319 
Primary minerals, 3 
Propagation 
celerity, 77, 85 
velocity, 69, 75—76, 81, 83, 186 
Pyroxene, 3 


Q 
Quartz, 3, 278 
Quasipartition law, 303 


R 
Radiation counts, 167 
Radii of curvature, 237, 241, 364 
Radioactive decay, 304 
Rain intensity, 
43,144,196-197,213 
Rain pulses, 78 
Range of influence, 389—393; see 
also Semivariogram 
REA; see Representative 
elementary area 
Redistribution, 73—74 
soil water, 309 
Redox reaction, 278 
Reduced condition, 38, 278, 279 
Reducing agent, 279 
Reduction, of subsoil, 38 
Refraction, 89—120 
angle, 91-93, 114, 176, 177 
extreme, 93 
in layered slopes, 206—209 
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law, 90, 101, 103, 108, 206 
of light, 90 
of flux, 90—94, 114, 176, 177, 
209 
relation, 109 
theory, 102 
verification of, 101—105 
Refractional flow, extreme, 104, 
142 
Refractive anisotropy 
coefficient, 108—114 
Refractive index, 90 
Representative elementary area 
(REA), 354 
Representative elementary 
volume (REV), 164, 165, 
354-362, 391 
criteria for, 354 
for hydraulic permeability 
with macropores, 359-361 
for microstructural 
heterogeneity, 355-357 
spatial variability, 386 
Representative element length 
(REL), 372 
Retardation factors, 296 
Retention curve, 181—182 
Retentivity of water, 9-17, 363 
Return flow, 189-191 
REV; see Representative 
elementary volume 
Reynolds number, 125—129, 134 
Rice paddy, 273 
Richards’ equation, 26 
222Rn (radium—2226) 
concentration, 303—306 
in groundwater, 305, 306 
in unsaturated soil water, 
304 
steady state of, 304 
Root 
contact model, 325 


Index 


(length) density, 322, 328-330, 
335, 337-340 
resistance, 326; see also 
Hydraulic resistance 
Root-—shoot ratio, 327 


Runoff 
river, 362 
storm, 189 


subsurface, 214 

surface, 46, 164, 312, 314 
cause of, 187-198 
direct, 189 
on slope, 175, 190 
rate of, 191, 192 


S 
Saccharose, 268, 273—275 
Salt accumulation, 223, 253 
Salt sieving effect, 245, 246 
Sample-size effect, 359 
Saturated flow, 59, 126 
Saturated hydraulic 
conductivity, 45—53, 108, 
196, 260, 312 
in situ, 361 
of clay soil, 63 
of clogged soil, 286 
of coarse beads, 206 
of funneled soil, 150 
of peat, 264 
scaling of, 384 
Saturated soil, 21, 90, 102 
Scaling, 362-372 
of natural soils, 371-372 
theory, 156, 363, 369 
Scanning curve, 12; see also 
Hysteresis 
Secondary minerals, 3 
Second-order stationary; see 
Stationary random 
condition 
Sedimentation, 183 


415 


dye, 96 
Seepage face 
of groundwater, 189, 190 
of perched water, 189 
Seepage surface, free, 211 
Semiarid region, 224, 250, 308 
Semipermeable membrane, 14 
Semivariance, 388, 389 
Semivariogram, 388-389 
models of, 389-390 
of bulk density, 392 
of mechanical impedance, 
392 
of volumetric water content, 
392 
Shape factor, 372-375, 380-384 
Shock wave, 77 
Shrinkage, 44 
Sigmoid 
approximation, 181 
curve, 180 
function, 12-13 
Sill, 389-391; see also 
Semivariogram 
Similar-media concept, 362-371 
Similar soil 
saturated, 368 
unsaturated, 369 
Similarity 
of hydraulic conductivity, 
366-369 
of matric head, 363—366 
of pressure, 363—366 
ratio, geometrical, 364 
Similar-media concept, 156, 
362-372 
Single log conductivity model, 
386 
SI units, 1-2, 255 
Single-root model, 323-325 
SLC model; see Single log 
conductivity model 
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Slope 
angle of, 176, 211, 213 
concave, 168 
convergent, 168 
convex, 168 
divergent, 168 
failure, 168—170 
large scale, 171 
large-scale-reclaimed, 171 
natural, 172, 173, 183, 202, 
214 
planner, 168 
reclamation, 168—170 
stratification in artificial, 
183 
subsurface flow in, 198—215 
Snell’s law, 90 
Sodium azide, 264, 273, 276 
Soil banking, 167-169, 183 
Soil column method, 9 
Soil cutting, 168-169 
Solid 
content, 5 
particles, 3, 353, 362 
phase, 2-7, 286 
Soil matrix, 10, 25, 31, 124, 
338 
Soil moisture characteristic 
curve, 11-13, 31, 70, 157, 
370 
Soil moisture profile, 67, 73, 81 
Soil reduction, 266, 268 
Soil resistance, 322—324; see also 
Hydraulic resistance 
Soil structure, 2—8 
change in, 167 
Soil temperature, 33, 222, 272, 
345 
Soil water 
diffusivity, 26, 29-30, 58, 372 
potential, 317, 319 
balance of, 164, 165 
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uptake, by plant roots, 
318-340 
Sorptivity, 57 
Source function, on interface, 95 
Spatial variability, 90, 386-388 
Specific surface, 6, 7, 269, 378 
effective, 295 
Specific water capacity, 26, 30 
Spherical model, 389, 391; see 
also Semivariogram 
State equation, 226 
Stationary random condition, 388 
Steady rain percolation, in 
slopes, 201 
Steady-state method, 181 
Steady water flow, 59—66, 98, 
202, 210 
downward, 65—66, 306 
horizontal, 103 
two-dimensional, 116 
upward, 61-64 
vertical downward, 305 
Storage 
subsurface, 164 
surface, 164 
water, 47, 61, 191 
Stormflow hydrograph, 189 
Streamlines 
colored, 98—101, 138, 146, 147, 
207 
curvings of, 90 
dyed, 207, 208 
refractions of, 90 
Subcatchment, 362 
Substrate, 294 
consumption rate, 290 
saturation constant, 291, 297 
utilization, 292 
Suction, 9, 34, 124, 138, 167, 396 
at soil surface, 137 
at wetting front, 137, 140, 183 
profile, 127—129 
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Surface crust, 49, 193, 194 

Surface tension of water, 236, 
242, 365 

Surface water, balance of, 164 

Swelling, 15, 44, 138, 141, 260 


T 
Temperature 
gradient, 220, 234, 248, 255-257 
liquid water flow under, 
241-246 
water vapor flow under, 
225-241 
profile, 220-225, 253 
Temperature-monsoon area, 314 
Tensiometer, 36, 148 
method, 9—10 
Terracing reclamation, 169 
Test function, 117, 119 
Thermal conductivity, 341 
of liquid water, 234 
of water vapor, apparent, 234 
Time—domain reflectometer 
(TDR), 340 
Time-series anyalysis, 273 
Tortuosity, 226, 227, 229, 255, 
368 
correction factor, 234 
of pores, 27 
Total potential, 20 
Total reflection, 92 
Transient water flow, 66—84 
horizontal, 35 
Transpiration, 164, 312, 316 
rate, 318, 319, 324, 333, 336 
Tritium, 81-82 
Turbulent flow, 127 
Turgor pressure, 320 


U 
Underdrain, 129 
pipe, main, 129 
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Undisturbed sample, 356 
Uniformity, 352 
Uniform soil, 125 
Unit vector, 94, 119 
Unsaturated hydraulic 
conductivity, 21, 27—29, 
53, 197, 339 
function, 59, 60, 69, 77, 157 
of fine soil, 154 
of sand, 92, 103, 368 
of sandy loam, 199, 386, 387 
reduced, 370 
Unsaturated soil, 7, 27, 29, 90, 92 
Unsteady state, 61 


V 
Vadose zone, 9—10, 76, 308 
Van den Honert expression, 321 
Van Genuchten-Mualem model, 
386, 387 
Van Genuchten’s function, 12 
Van’t Hoff’s equation, 244 
Vapor flow, 225—241, 248 
upward, 73 
Vapor pressure gradient, 228 
Variable test area, 357—358 
Variational concept, 115 
VG—M model; see Van 
Genuchten—Mualem 
model 
Viscosity of water, 27, 127 
Visualization 
of flow, 96 
of refractional water flow, 
96-101 
Void ratio, 6 
Volcanic ash soil, 5, 32, 268, 274 
Porosity of, 33 
Volume fraction, 170, 229, 234 
Volumetric water content, 8, 
27-44, 234, 303, 386 
profile, 32, 181 
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WwW 
Water balance, 362 
equation, 48, 222, 314 
in field 
with cracks, 361 
with vegetation, 312-315 
in root zone, 327 
Water balance 
long-term, 315 
on slopes, 164—165 
Water budget modeling, 372 
Water configuration, 27 
Water content, 8 
Water depletion, 318 
patterns, 332,333 
rate, 332, 334 
Water entry suction, 31, 157 
Water entry value, 31, 137, 172 
Water extraction pattern, 
332-336, 339 
Water film, 27, 255 
Water flow 
driving forces of, 73, 241—245 
horizontal, 33—36, 155 
flat, 96 
in closed system, 33 
in deep soils, 75—84 
in field, 250—253 
paddy, 302-305 
upland, 307-312 
in forced-closed system, 33 
in open soil columns, 
248-250 
in open system, 30, 34-37 
in slopes, 163—215 
layered, 201—204 
subsurface, 90 
surface, 90 
uniform, 198-201 
one-dimensional, 90, 
198-204 
subsurface, 198—214 
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three-dimensional, 90, 101 
trajectory of, 98 
two-dimensional, 90, 101 
equation of, 136 
Water island; see Liquid island 
Water management, 329 
Water potential, 227, 228 
gradient, 66 
in plants, 319 
in soils, 317, 319, 326 
Water retentivity, 180; see also 
Retentivity of water 
Water uptake, 338 
model, 326 
by roots in cracks, 336—340 
rate, 331-336 
Water-use efficiency, 316 
Wave propagation equation, 
186 
Weathering of soils, 183, 201 
Wetting; see also Drying 
curve, 17, 180 
of soil, 11, 78; see also 
Hysteresis 
process, 16, 31 
Wetting front, 38, 73, 137, 173, 
177 
advancement, 181, 182, 185, 
371 
behavior of, 144-145, 183 
cessation of, 145, 183-187 
curvature of, 40 
downward advancement of, 
183 
matric head gradient at, 45 
Wide tractive research vehicle 
(WTRV), 310 
Wilting point, 318, 326 
Worm holes, 127, 129 


Z 
Zero flux plane (ZFP), 308-310 


